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Carbon fibre composites are strong, lightweight materials comprised of carbon 
fibres usually surrounded by a polymer resin. One weakness these composites 
suffer from is poor adhesion between the fibres and the resin which can lead to 
failure of the composite part through de-bonding or de-lamination. To remedy this 
problem, a treatment can be used to modify the fibre surface and thus allow the 
fibres to bond better with the resin. While surface modification of carbon fibre has 
been an active topic of scientific research, the surface treatment currently used in 
industry has been fairly consistent since mass production in the 1960’s. The aim of 
this work was to bridge this gap by optimising new surface treatments to make 
them more practical for industrial application.  
 
This thesis builds on the previous work undertaken within our research group by 
Dr Linden Servinis; where the surface treatment involves grafting “linker” 
molecules to the fibre to enhance fibre-matrix adhesion (Scheme 1). These “linker” 
molecules carry a reactive amine NH2 group for interaction with epoxy resin, as 
well as a CF3 group as an X-ray photoelectron spectroscopy (XPS) or nuclear 





Scheme 1 Linker molecule carrying a reactive amine NH2 group and CF3 XPS or 













While the previous work did indeed show that grafting amine functional groups to 
the surface increased fibre-matrix adhesion, high reagent concentration and long 
reaction times used meant that the method was not very practical for scale up or 
industrial application. In the previous work on the use of in situ generated phenyl-
diazo compounds to functionalise the surface of carbon fibre, a very high 
concentration of intended grafting molecule was used, 2 g of “linker” molecule per 
30 cm of carbon fibre tow (24K filaments). In this current work it was shown that 
fibres treated using only 25% of this concentration (0.5 g of linker molecule per 30 
cm tow) equalled the interfacial shear strength (IFSS) performance of the fibre 
functionalised at the highest concentration. While this decrease in reagent 
concentration allowed for the more economical use of linker molecule, the 
attachment strategy still required the use of extended heating times making high 
throughput of surface grafting a major limitation and prohibited translation to an 
industrial setting. 
 
The next study sought to affect surface functionalisation of carbon fibres using an 
energy economic strategy. This was achieved by using microwave heating in place 
of conventional heating.  Two solvents were compared in the study: ionic liquid (IL, 
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide) and an organic 
solvent (1,2-dichlorobenzene). The use of the ionic liquid was superior to the 
organic solvent, resulting in a higher density of surface grafted linker molecule. 
Consequently, carbon fibres treated in the ionic liquid displayed improved 
interfacial adhesion in the composite material (+28% relative to untreated fibres) 
compared to those treated in organic solvent (+18%). Only very minor changes in 
both tensile strength and modulus resulted from the combined IL and microwave 
treatment (<5% in each case). Moreover, there was drastic reduction in reaction 
time (30 min from 24 h) compared to the previously reported conventional heating 
procedures. However, this can be improved upon further. Attention was then 
turned to electrografting as a more efficient method to functionalise the surface. 
 
Electrografting refers to the electrochemical reaction that permits organic layers 
to be attached to solid conducting substrates. Here, instead of forming the 
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diazonium in situ, diazonium salts were synthesised and isolated as simple model 
compounds. These salts were electrografted on to the surface of the carbon fibre. 
As the fibre is conductive, it may be used as the working electrode. The reaction is 
fast; after the first potential scan (approx. 30 sec) the carbon fibre surface appears 
to be covered by an organic layer. Thus, reaction time could be further reduced 
from 30 min to 30 sec. 
 
Other ways to optimise treatment were then also investigated. These included 
taking a modular approach to surface modification by combining electrografting 
and UV thiol-ene click reactions. The UV thiol-ene click was only moderately 
successful, however as this was the first time the reaction had ever been applied 
to carbon fibre, there is potential for improvement. In another study, optimising 
linker molecule design was investigated by grafting structurally different linker 
molecules to the surface and then comparing their effect on IFSS. The results 
clearly indicated that ideal linker architecture would include both maximal 
conformational extension and a high density of amine sites available for cross-
linking.  
 
Optimising treatment was one aspect of the project, while another aspect was to 
develop a deeper understanding of the underlying chemistry of the carbon fibre 
surface and the interface region. As such, solid state NMR spectroscopy was used 
to analyse surface functionalised fibres. Using 19F NMR spectroscopy, it was 
possible to detect surface grafted CF3 groups and quantify the amount grafted (6.0 
× 10-9 mol mg-1). However, 15N NMR spectroscopy was not successful in detecting 
surface grafted 15N groups due to the long relaxation rate of the 15N nuclei present 
in the sample. Despite experimental challenges, the results achieved are significant 
as this was the first time ever that surface grafted molecules had been detected on 
carbon fibre surfaces using NMR spectroscopy. 
 
The overall conclusions of this thesis are that to achieve the highest fibre-matrix 
adhesion, it is best to graft molecules which carry a high density of amines that are 
are able to extend into the matrix. The fastest and most efficient way to graft these 
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molecules is to take advantage of the conductive nature of carbon fibre to 
electrograft them to the surface. Electrografting of diazo salts is a very fast method, 
however a safer alternative to using unstable diazo salts is to electrograft using 
carboxylates. Oxidative electrografting of carboxylates was explored as part of the 
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1 Thesis Introduction 
 
Carbon fibre reinforced polymer (CFRP) composite materials are renowned for 
their high strength-to-weight-ratio: approximately 5 times stronger and 70% 
lighter than steel.1 These composites are rapidly gaining recognition for potential 
applications in industries such as alternative energy, construction and 
infrastructure, oil exploration, and fuel efficient transport systems.2 Toray, the 
world’s largest producer of carbon fibre, has committed to supply carbon fibre pre-
preg (carbon fibre fabric already pre-impregnated with resin) for the Boeing 787 
and 777X programmes, the cost of the supply is expected to be over 1 billion AUD.3 
Boeing’s 787 is composed of nearly half carbon fibre reinforced polymer and other 
composites (Figure 1-1), resulting in a weight saving of 20 percent compared to 






















The introduction of the Boeing 787 Dreamliner, composed largely of composite, 
also presents a new opportunity in composite recycling. Boeing research has 
demonstrated that the carbon fibre can be recovered from the composite and that 
the recovered product quality is comparable to that of new fibre.5 
 
Composite materials are made from at least two different constituent materials 
that, when combined, give a hybrid material with better properties than those of 
the individual components used alone.  For example, composites often consist of 
a soft, flexible polymer matrix reinforced with a stiffer, often fibrous component. 
The reinforcement component provides strength and stiffness while the polymer 
matrix allows the composite to be moulded and set into the desired shape. 
Between the two constituents is the interface/interphase, which can transmit load 
from the matrix to the fibre through shear loading. The main advantage of 
composites is high strength and stiffness combined with low density.6 This project 
focuses primarily on carbon fibres, and so they will be discussed in detail. For 
information on other fibres as reinforcement in composite materials (natural 
fibres,7 glass,8 basalt,9 and synthetic fibres10), please refer to the literature. 
 
Carbon fibres have high tensile strength and modulus (stiffness), making them 
useful as reinforcements for light-weight polymers, even though they are brittle.11 
Owing to the decreasing cost of carbon fibre, its application in composites for 
different applications is widening. According to Lux Research, the global market for 
carbon fibre reinforced plastics will more than double from AUD$18.8 billion in 
2012 to AUD$46.35 billion in 2020.12 However, secrecy within the carbon fibre 
manufacturing industry has hampered widespread progress of research and 
innovation, so the majority of knowledge regarding carbon fibres needs to be 
reworked. As an updated and contemporary knowledge of carbon fibres and their 
composites is required, this situation poses a demand on more research and 
development in the field.11  
 
One area of knowledge that requires deeper understanding is that concerning the 
basic mechanical problems which are present in carbon fibre reinforced polymers. 




These composites may fail through a number of mechanisms including fibre failure, 
matrix failure, and fibre/matrix de-bonding or de-lamination.13, 14 Therefore, 
strength of the final composite depends not only on the carbon fibre and the 
matrix, but how well the matrix interacts with the fibres. Effective reinforcement 
of the polymer requires good bonding between the surface of the fibres and the 
matrix at the interface (Figure 1-2).  
 








Figure 1-2 Illustration of the components of carbon fibre reinforced polymers 
(left) and de-bonding where fibres are pulled free from the matrix (right)15 
 
Each of the components of carbon fibre reinforced polymers are subject to 
thorough research with the aim of improving overall composite strength and 
toughness. This project focuses on the interface region, improving interfacial 
adhesion (i.e. fibre-to-matrix-interaction) and therefore overall composite 
strength through fibre surface functionalisation techniques. 
 
1.1 Research Question 
 
How can existing surface grafting methodology be used to further understand 
chemical interactions at the surface, while optimising treatment? 
 
1.1.1 Objectives / aims  
 
The above research question will be investigated using the following objectives: 
Interface 
Matrix (e.g. epoxy) 
Carbon fibres 




How does reagent concentration affect surface functionalisation and interfacial 
shear strength (IFSS)? 
 
Limitation with current functionalisation carried out in a very concentrated 
solution of linker molecule.. This severely limits the amount of carbon fibre tow 
able to be treated. Functionalisation can be correlated to IFSS, as greater density 
of reactive amines on the fibre surface could result in more covalent attachment 
points to the resin. By comparing IFSS results for the different concentrations of 
linker molecule, can the same level of improvement of IFSS be achieved using less 
linker molecule? If this is the case, then an optimal concentration can be realised 
and this will make the reaction more scalable. 
 
Does using linkers with multiple reactive groups result in a linear increase in IFSS? 
 
If the surface has a limited number of sites to functionalise, can the effective 
concentration of reactive amines on the surface be increased? With the optimised 
concentration identified from the concentration study, and using a modified linker 
with two points of attachment to the resin per attachment to the fibre, the IFSS 
may be further improved. Theoretically, a two-fold improvement should be 
expected and the outcome would mean that an even stronger interface could be 
achieved with the same amount of product. 
 
Can novel characterisation techniques such as solid state nuclear magnetic 
resonance (NMR) spectroscopy be used to understand surface chemistry? 
 
Being able to detect low levels of surface bound molecules on a conductive 
material is challenging. Using 19F NMR spectroscopy, surface coverage can be 
calculated for fibres functionalised with CF3 containing groups. Using variable 
temperature solid state NMR spectroscopy, the cure of functionalised fibres may 
be monitored in situ to provide new insight into the chemical interactions between 
the fibre and the resin. 
 




1.2 Thesis Outline 
 
This thesis begins with a literature review (Chapter 2), which discusses basic 
chemistry of carbon through to carbon fibre manufacture and composite 
performance. The importance of fibre-matrix adhesion on composite performance 
is highlighted and approaches to improve fibre-matrix adhesion are critically 
reviewed. 
 
Chapter 3 is the first results chapter and it outlines a study on optimising 
functionalisation procedures focussing on reagent concentration. Extending on 
previous work, the concentration study focusses on reducing linker molecule 
concentration and studying the effects of this. The fibres treated at the various 
concentrations are characterised via X-ray photoelectron spectroscopy (XPS) to 
determine chemical composition. Physical characterisation of the treated fibres 
includes tensile testing, Weibull analysis, atomic force microscopy (AFM), and IFSS 
measurements. 
 
From optimising reagent concentration to optimising linker design, Chapter 4 looks 
at how linker molecule architecture can affect IFSS performance. Design, synthesis 
and grafting of the new linkers is covered before the performance of each 
composite sample is evaluated experimentally. Outcomes from complementary 
MD simulations carried out by collaborators Baris Demir and Tiffany Walsh are also 
presented. 
 
Chapter 5 continues the theme of optimisation, this time reducing reaction time 
by employing microwave heating and ionic liquids as reaction media. Two grafting 
reactions were completed; microwave heating in ionic liquid and microwave 
heating in organic solvent to isolate the effect of microwave heating. The two 
samples were tested and compared (XPS, tensile, Weibull, scanning electron 
microscopy (SEM), and IFSS) along with an untreated control. 
 




Chapter 6 explores a new approach to dramatically reduce reaction times: 
reductive electrografting of diazonium salts. Initial optimisations are carried out on 
carbon fibres before scaling-up treatment on woven carbon fibre mats. XPS is used 
to chemically characterise the samples. 
 
Reductive electrografting of diazonium salts features again in Chapter 7. This 
chapter talks about taking on a modular approach to carbon fibre surface 
modification by first electrografting a synthetic handle and then using thiol-ene 
click chemistry to then attach new functionalities. An alkene diazo salt is 
synthesised and grafted before UV thiol-ene click with a ferrocene thiol. Evaluation 
of the modified fibres via electrochemical measurements and XPS is then shown. 
 
Chapter 8 then looks at using a novel method, solid state nuclear magnetic 
resonance (NMR) spectroscopy, to analyse surface functionalised fibres. Fibres 
electrografted grafted with 19F or 15N tagged diazo salts were subjected to solid 
state NMR spectroscopy experiments. The 19F experiments were used to quantify 
surface grafting, while the 15N functionalised fibres were intended to allow their in 
situ cure with epoxy resin to be monitored. The outcomes are reviewed and 
experimental challenges discussed. 
 
Chapter 9 moves away from reductive electrografting of diazonium salts in favour 
of a safer alternative, oxidative electrografting of carboxylates. The grafting 
behaviour of carboxylates under ambient conditions is examined and compared to 
the previous work on reductive electrografting of diazonium salts. The modified 
fibres are characterised via electrochemical measurements and XPS. 
 
Chapter 10 summarises the overall outcomes from the studies, followed by 
documentation of characterisation and experimental procedures in Chapter 11. 
Finally, Chapter 12 details all appendices cited in the body of the text. 
 




2 Literature Review 
 
This thesis begins with a literature review (Chapter 2), which discusses basic 
chemistry of carbon through to carbon fibre manufacture and composite 
performance. The importance of fibre-matrix adhesion on composite performance 





Carbon provides the basis for all life on earth; it is the building block of life from 
cells to synthetic polymers, and a central element of organic and inorganic 
chemistry. Carbon is a light element with the electron configuration C12:1s22s22p2, 
and the ability to form four covalent bonds. These bonds may be arranged 
differently in space, so that they may exist in three hybridisation states: tetrahedral 




Figure 2-1 Carbon orbital hybridisation states17 
 
Carbon may exist in a number of different allotropes, or structural forms, which 
differ in the way the carbon atoms are connected. The two common crystalline 
allotropes of carbon are diamond and graphite (Figure 2-2). In diamond, each C 
atom forms single bonds with four adjacent C atoms in sp3 hybridisation resulting 
in a rigid, covalent 3D network. Because of its structure, diamond is an extremely 









planar graphene layers stacked upon each other in which each carbon is bonded 
to three neighbouring carbon atoms with trigonal planar sp2 hybridisation. The 
remaining π bonds are delocalised over the planes and thus graphene is soft and a 




Figure 2-2 Diamond (left) and graphite (right)18 
 
Carbon can also exist in other interesting allotropic forms, such as fullerene (C60) - 
a fully enclosed spherical arrangement of sp2 carbons (Figure 2-3, left). Fullerenes 
are formed when an electric arc is discharged between two carbon electrodes in 
an inert atmosphere. When this event occurs, a large quantity of soot is formed, as 
well as C60 and other smaller quantities of larger related fullerenes like C70, C76 and 
C84. Research into fullerenes has led to the identification of carbon nanotubes 
(CNTs) (Figure 2-3, right), consisting of one or more concentric cylindrical tubes 
formed of graphene sheets, with the ends closed by fullerene-like caps.16 
 
              
 
Figure 2-3 Fullerene (C60) (left) and carbon nanotube (right)19  




2.2 Carbon Materials  
 
From the above mentioned allotropes of carbon, several micro and macro 
materials are available. While not strictly allotropes, there are many forms of 
carbon that have low levels of crystallinity. These partially crystalline forms of 
carbon have considerable commercial importance and include carbon black, 
activated carbon, and carbon fibre. Carbon black is used as a strengthening agent 
for rubber while carbon fibres are able to impart strength to polymeric materials 
(Figure 2-4).16 
 
     
                                                                                          
Figure 2-4 Tyre rubber carbon black20 (left) and carbon fibre reinforced 
plastic21 (right) 
 
2.3 Carbon Fibre Production 
 
There are two main processes involved in the production of carbon fibre. First, 
white fibre or precursor production and second, converting white fibre to black 
fibre (carbon fibre) (Figure 2-5).22 The white fibre can be made from 
polyacrylonitrile (PAN), rayon, pitch, synthetic polymers, or a bio-based polymer.23 
 






Figure 2-5 Manufacturing of carbon fibre from PAN24 
 
2.3.1 Precursor preparation 
 
Carbon fibre strength and modulus are related to the crystallinity of the fibre, 
which is influenced by the choice of precursor and the processing conditions 
employed during manufacture of the carbon fibre. PAN is the most suitable 
precursor fibre as it produces high strength carbon fibre, possesses good molecular 
properties, good spinnability, high carbon yield, and can decompose to form char 
before it melts.23, 25 PAN-based fibres comprise the majority (about 90%) of the 
carbon fibre market.23, 26 Co-monomers are also included in the PAN polymer to 
achieve high drawability during spinning and better oxygen permeability during 
thermal oxidation.23 Rayon has very low carbon yield and tensile strength and bio-
based polymers like lignin pose similar problems. Synthetic polymers like 
polyethylene, polystyrene and polyacetylene have high carbon yield, but low 
tensile strength. Pitch produces high modulus fibres, but with low strength.23 To 
achieve higher strength carbon fibres, the pitch must first be converted to 
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expensive process.23 Still, because of its high carbon yield, pitch-based carbon fibre 
comprises about 10% of the market and typically is used for ultrahigh modulus 
applications.23, 28  
 
The first step of carbon fibre production is to generate the polymer or precursor 
from the acrylonitrile monomer.22 Homopolymer PAN is difficult to draw because 
of extensive hydrogen bonding in its structure.23 Also, it is difficult to process due 
to decreased control over the exothermic reaction during the thermal oxidation 
stage of the process, hence homopolymer PAN has never been used as a precursor 
for manufacturing carbon fibres. Adding co-monomers helps to enhance 
drawability, increase hydrophilicity and solubility and control molecular weight 
(MW), polydispersity index (PDI, is the distribution of molecular weight) and 
exothermic reactions.23, 29 High MW PAN (at least >200 kDa) produces high 
strength fibre, however is difficult to dissolve and spin due to its high PDI.23 
Presently manufactured acrylic fibres are typically composed of at least 85% by 
weight acrylonitrile and 15% neutral and/or ionic co-monomers (Figure 2-6).30 
Neutral co-monomers generally modify solubility and morphology of the fibres 




Figure 2-6 Examples of co-monomers: methyl acrylate 2-1 (left) is a neutral co-
monomer while methallyl sulfonate 2-2 (right) is an ionic co-monomer30 
 
The polymerisation of acrylonitrile monomers to PAN fibre is highlighted in Scheme 
2-1 below. After the deprotonation of ammonia, usually by an alkali metal catalyst, 
the reaction proceeds favourably and stops with deliberate termination.31 The 


















Scheme 2-1 Polymerisation mechanism of acrylonitrile31 
 
The resulting slurry (dope) is then filtered to remove acrylonitrile monomer, then 
dissolved in an organic solvent such as dimethylformamide (DMF) and extruded 
through a narrow jet or ‘spinneret’ via wet spinning.22, 23, 32 The dope is usually 
heated to reduce viscosity and make spinning easier.23, 33 The number of holes in 
the spinneret determines how many filaments (and thus tow size) while the size of 
the hole determines fibre diameter.23 For industrial scale spinning tows usually 
consist of 1000 – 350 000 (1K – 350K) filaments.23 The strands then pass through a 
coagulation bath containing DMF in aqueous solution, which forces polymer out of 
solution and extracts residual DMF out of the dope.23, 32 Solvent concentration and 
temperature in the coagulation step has a significant effect on the morphology of 
the fibres and the formation of voids that are detrimental to the tensile strength. 
The emerging strands are in a partially gelated mixture of amorphous and 
crystalline PAN. After washing, the precursor fibres are drawn (stretched) to 
enhance axial orientation of the PAN fibrils as high crystallinity increases strength 



































Figure 2-7 Wet-spinning of PAN fibres32 
 
2.3.2 Thermal oxidation/stabilisation 
 
After the white fibre has been produced, a series of heat treatments follow to 
transform the PAN into carbon fibre. The first heat treatment is a thermal 
oxidation/stabilisation step, where the fibres are passed through an oven at 200 – 
300 °C in the presence of air. Stabilisation is the most critical step in the carbon 
fibre manufacture process, as the production of high performance carbon fibres 
requires process parameters to be carefully and specifically chosen depending on 
type and nature of the precursor.37, 38  A series of nitrile cyclisation, alkene 
dehydrogenations, and oxidation reactions have been proposed to occur (Scheme 
2-2).39 The fibres are kept under tension throughout the process, as the molecular 
orientation that this stretching induces correlates to the length of the cyclised 





















Scheme 2-2 Proposed chemical reactions during PAN stabilisation41 
 
The density of the fibre at this point increases and colour of the fibre changes as 
these chemical reactions take place (Figure 2-8 b). Gases such as HCN, H2O, CO2, 
CO, and NH3, and tars are produced.38 Inside the oxidation ovens, heated air is used 
to trigger these exothermic chemical reactions and dissipate excess temperature 
of the fibre by shaking the filaments. This stabilisation step further orients and 
crosslinks the molecules so that they can better withstand higher temperature 
pyrolysis without decomposing. This stabilised fibre is known as oxidised PAN fibre 
(OPF), in fact as well as being an intermediate in carbon fibre production, OPF is 
also regarded as the industry standard when it comes to fire-retardant textile. 
Because of its low flammability, it is used in heat protectant clothing, welding 
blankets, aircraft seats, and aircraft disk brakes,42 however these applications are 
not structural as the OPF has poor mechanical properties. It is very important to 
control processing temperature as well as oxygen content inside the chamber in 


























After the fibre has been passed through the oxidation ovens, it is then carbonised 
i.e. converting OPF to carbon fibre. In industry, carbonisation is typically 
undertaken in two furnaces, first a low temperature furnace (450 – 900 °C) then a 
high temperature furnace (1000 – 1600 °C) (Figure 2-8 c) both under a nitrogen 
atmosphere. It is important that no oxygen is present as this would degrade the 
fibre. Low temperature carbonisation results in further crosslinking, 
dehydrogenation and condensation reactions. During the carbonisation treatment 
more non-carbon elements are removed in the form of different gases like H2O, 
NH3, CO, HCN, CO2, H2, CH4, and tarry substances are evolved.38 After the volatile 
compounds are removed, the carbon yield is about 50 wt% with respect to the 
original PAN precursor.43 
 
 






Figure 2-8 Overview of carbon fibre production:  a) PAN, b) OPF and c) carbon 
fibre 
 
High temperature carbonisation occurs at 1000 – 1600 °C, resulting in structural 
changes and increased mechanical properties such as tensile strength and 
modulus. Once again, depending on the desired application of the fibre, 
temperature and tension profiles are adjusted to suit. If very high modulus fibres 
(>500 GPa) are desired, the carbonised PAN undergoes a graphitisation with 
temperatures up to 2500 – 3000 °C in an additional ultrahigh temperature furnace.  
Graphitisation increases carbon content, crystallite size and orientation. Modulus 
increases as a function of temperature, residence time and tension. Covalent 
bonds form between layer planes and carbon ribbons entangle. Tensile strength 
on the other hand decreases due to defects and voids created.43 This time argon 
needs to be used as the gas as nitrogen can react with carbon to form cyanogen.44 
Owing to the high temperatures required, the graphitisation process is highly 
energy consuming and expensive. For this reason, graphitisation of PAN for high 
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modulus carbon fibre is typically reserved for aerospace and military 
applications.11, 43, 45  
 
2.4 Structure of Carbon Fibre 
 
Carbon fibre is mainly made up of >98 wt% carbon, as well as a few residual 
heteroatoms (N, H and O) remaining after carbonisation.43 A main structural motif 
in carbon fibre is turbostratic carbon, where the crystallites are composed of 
slightly bent graphene-like carbon layers, with different sized rings causing the out 






Figure 2-9 Sketch illustrating the less ordered turbostratic graphite structure48 
 
The orientation of the graphene planes may be either parallel or perpendicular to 
the surface, so that there are two distinct sites on the surface: basal plane and 
graphene layer ‘edge’.46, 49 A number of models exist to explain the structure of 
carbon fibre, most typically the core-shell structure model with more graphitised 
carbon on the surface and more interlinked structures as the core as shown in 
Figure 2-10.37, 49  
 




                
 
 
Figure 2-10 Microstructure of a PAN-derived carbon fibre showing a) skin region 
and b) core region37 
 
The core and skin microstructures of PAN-based carbon fibres have been studied, 
with high-resolution transmission electron microscopy (HRTEM) and orientation 
angles determined, revealing structural differences. In the skin region, the 
graphene basal planes have a higher degree of orientation, meaning they tend to 
be more parallel to the fibre axis at the surface and in the core they are less 
orientated. As the carbon fibres are exposed to higher temperatures (2300 °C – 
2800 °C), the graphene basal plane layers become more parallel to the fibre axis, 
first in the skin region and then in the core. In addition to this, the size of the 












Figure 2-11 HRTEM images and structural sketches of fibres a) as received T700 
carbon fibre (CVI = chemical vapour infiltration used to fabricate carbon-carbon 
composite samples at 1000 °C), b) sample heat treated at 2300 °C, and c) sample 
heat treated at 2800 °C49 
 
Precursor fibre and processing conditions will determine resulting carbon fibre 
structure.23 Mechanical properties are in turn determined by the structure of the 
fibre; including orientation of the crystallites, crystallite size, and defects present.49 
Therefore, for good quality carbon fibre with the desired properties, precursor 
selection and choice of processing parameters (heat, tension) are paramount.  
 
The final product is a layered mixture of graphene planes, oxidised functionalities 
and uncarbonised PAN components. This carbon fibre is referred to as 
“unoxidised” because it has not yet undergone electrolytic surface oxidation and 
is “unsized”. The fibre surface has a small degree of functionality, but is mostly 
carbonaceous and therefore non-polar. At this point, interaction or adhesion with 
polar polymers is not favoured. Surface defects and amorphous carbon are also 
present on the surface. To remove impurities and maximise the fibre-matrix 
interactions, the fibre then undergoes surface treatment steps after carbonisation. 




2.5 Forming Carbon Fibre Composites 
 
2.5.1 Surface treatment and sizing 
 
Following carbonisation, fibres are passed through an electrolytic base bath, which 
works to chemically “roughen” the surface of the fibres by adding oxygen-
containing functional groups, which increases the surface polarity and therefore 
“wettability”.50 The treatment also increases the linear strength of the fibres.51, 52 
The added surface polarity is proposed to help in the physical binding of the resin 
or ‘sizing’ layer (typically an epoxy polymer in a water based emulsion) which is 
applied for ease of handling, prevention of tangles and protection of the individual 
fibres during weaving.51, 53 Sizing can also further enhance wettability to the matrix 




Figure 2-12 Representative image of the carbon fibre surface groups introduced 

























2.5.2 Weaving and lay-up 
 
To make the final composite, the sized carbon fibre can either be woven, or used 
as non-woven unidirectional sheets, layered with resin (between each sheet) and 




Figure 2-13 Woven carbon fibre mat (left) and non-woven unidirectional carbon 
fibre tape (right) 
 
All materials can generally be classified as either isotropic or anisotropic. Isotropic 
materials have the same properties in all directions, and normal loads create only 
normal strains. On the other hand, anisotropic materials have different material 
properties in all directions: normal loads create normal strains and shear strains. 
Bulk materials like metals and polymers are mostly isotropic, while composites are 
anisotropic. Composites can be further classified as orthotropic (a subclass of 
anisotropic materials), which means that they have properties that are different in 
three mutually perpendicular directions. When load (i.e. stress (σ)) is applied in 
parallel (0°) or perpendicular (90°) directions, it produces only normal strains (ε). 
However when load is applied non-parallel (e.g. 45°), it produces normal and shear 
strains. For example, if the plate shown in Figure 2-14 is loaded parallel to the 
fibres, the modulus (E0°) approaches that of the fibres. If the plate is loaded 
perpendicular, the modulus (E90°) is lower, approaching that of the matrix.  
 






Figure 2-14 Element of composite material ply under stress 
 
As the modulus varies with direction, the material is anisotropic. Therefore 
orthotropic mechanical properties are a function of orientation. In order to achieve 
the desired composite mechanical properties, fibre orientations need to be 
optimised. When unidirectional plies are stacked with the same orientation (0°), 
the lay-up is called lamina, whereas when they are stacked at various angles (0°, 
90°, 45°), the lay-up is called laminate (Figure 2-15). Carbon fibre composites are 
normally laminate, so as to enhance the strength in different loading directions. 
Unidirectional laminae are strong and stiff in the 0° direction, but very weak in the 


















                




2.5.3 Resin matrix 
 
The polymer resins most widely used in carbon fibre composites are thermosets, a 
class of resins which cure by a chemical reaction. After curing, thermosets cannot 
return to their uncured state. Thermoplastics, on the other hand, can be 
remoulded: they set (i.e. harden) purely via temperature change. Thermoplastics 
solidify when cooled but can be remelted and reshaped by reheating. However, 
molten thermoplastics are difficult to process because of their high viscosities. For 
carbon fibre composites, thermoset epoxy resins which cure with an amine 
hardener are the most widely used.55 Epoxy resins contribute strength, durability, 
chemical resistance, superior adhesion to fibres and high thermal resistance.55, 56 
Sometimes, thermoplastics are used to toughen epoxy resins to counteract the 
brittleness caused by the degree of crosslinking.55 Epoxy resins first require a room 
temperature cure to form cross-links between the amine hardener and epoxy 
resin. The next stage is post-cure at 100 °C to increase the cross-link density. 
Secondary amines are less reactive than primary amines, thus higher temperatures 




Scheme 2-3 Cure of epoxy with amine hardener 
 
The explicit chemical structure of proprietary resins are typically not disclosed to 
the consumer. For the chemical mechanisms involved in curing, the most 

























groups. The resin system used within this project is RIMR 935 (epoxy) and RIMH 
237 (hardener), and information on the MSDS advises that the components are 
bisphenol A-epichlorohydrin resin (25 – 50%), 1,4-butanediol diglycidyl ether 
(<20%) and other unspecified epoxide derivatives (25 – 50%) for the epoxy resin. 
For the hardener, 3,3’-dimethyl-4,4’-diamino-dicyclohexylmethane (>50%) and 
isophoronediamine (<20%) are the main components. This resin system is 




2.6 Carbon Fibre Composite Mechanical Performance 
 
Fibre-matrix adhesion plays a fundamental role in composite mechanical 
performance, as it ensures adequate stress transfer from the matrix into the 
reinforcement fibres, as well as between fibres themselves.57 Interfacial shear 
stress-transfer is the mechanism by which forces are transferred to the fibre 
through the interface.57, 58 Poor fibre-matrix adhesion reduces the effectiveness of 
this stress transfer so the composite becomes weakened.57 To increase composite 
strength, the thickness of the composite part may be increased, however doing so 
would also increase the weight, defeating the purpose of using composites in the 
first place.  
 
Fibre-matrix adhesion affects composite properties in different ways depending on 
the state of stress created at the fibre-matrix interphase.57 The interphase has 
different properties to the matrix and forms because of the presence of sizing 











fibre matrix interface refers to a two-dimensional boundary, while the interphase 




Figure 2-16 Illustration of interface and interphase composite components 
 
To help illustrate the effects of fibre-matrix adhesion on composite performance, 
some common composite mechanical tests will be discussed in the next section. 
 
2.6.1 Composite mechanical testing 
 
Originally when high-strength composites were first developed in the 1960s, the 
same test methods used for homogenous and isotropic metals were used to test 
composites. However, composite materials are nonhomogeneous (layered) and 
anisotropic and so it was necessary to develop tailored test methods. Standard 
tests have been developed, and the most recognised standard is the American 
Society for Testing Materials (ASTM). Typical composite test procedures include 
tension, compression, shear, flexure, impact strength and fracture toughness.6 
Fibre-matrix adhesion plays a fundamental role in these composite mechanical 
properties. Improvements in fibre-matrix adhesion often translate to 











Tension (stretching) tests, also known as tensile tests, can either be 0° (fibres lying 
parallel to the direction of the applied strain) or 90° (fibres lying perpendicular to 




Figure 2-17 0°, 90° and 45° tensile tests 
 
Compression tests, the opposite of tension, may also be undertaken of 0°, 45° or 




Figure 2-18 0° compression test 
 
Flexure testing is essentially a beam in bending, with the top surface under 
compression and the bottom surface under tension (Figure 2-19). Shear stress 




occurs at the centre of the materials cross-section. Failure can occur in tension, 
compression, shear or a combination. The test is either a three-point or four point 
bending test and any fibre orientation (0°, 45°, 90°) can be tested, but normal 







Figure 2-19 Flexure induces tensile, compressive and shear stresses in the sample 
 
Shear properties of composites may also be measured. Interlaminar shear strength 
(ILSS), like fibre-matrix adhesion, is a measure of adhesion between the fibre layer 
and the matrix layer. ILSS can be determined using the interlaminar shear test, also 
known as short beam shear. Unlike flexure testing, the specimen is relatively short 
in relation to its thickness in order to minimise flexural (tensile and compressive) 
stresses and maximise the induced shear stress.  Any fibre orientation except 90° 
lamina can be used, but the usual practice involves 0° lamina. As with flexure test 
specimens, failure can occur in tension, compression, shear or mixed mode, so only 
shear failures yield legitimate results.6  
 
Fracture toughness measures the ability of a material containing a crack to resist 
fracture. Interlaminar fracture toughness testing can measure three modes of 
failure, Mode I (opening mode), Mode II (shear mode) and mode III (tearing mode) 
(Figure 2-20). Mode III failure is rarely measured for carbon fibre composites, while 
Mode I can be measured using the double cantilever beam test (DCB) and Mode II 
by end notched flexure (ENF).6 
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Figure 2-20 Mode I, II and III failure 
 
Excessively strong fibre-matrix interactions tend to give a brittle composite as a 
result of reduced energy absorbing mechanisms at the interface during failure, 
such as debonding.57, 59, 60 When interfacial adhesion is excessive, the failure mode 
changes from interfacial to matrix and the composite behaves like a brittle 
material, i.e. it becomes more “notch-sensitive” which may have a detrimental 
effect on the longitudinal tensile strength of the composite. However, mode II 
fracture toughness is increased when failure mode changes from interfacial failure 
to matrix failure. The work required to cause matrix failure is significantly larger 
than that to cause the failure of the interface at low levels of fibre-matrix adhesion. 
Increasing fibre-matrix adhesion also increases composite compressive strength, 
transverse tensile and flexural strength.57 To summarise, the on-axis (0°) properties 
(longitudinal tensile, compression and flexural properties) are dominated by the 
fibre properties, while off-axis (90°) properties (transverse tensile and flexural, 
inplane and interlaminar shear) and interlaminar fracture toughness are 
dominated by matrix and interfacial properties.57 Also, in some cases (e.g. ceramic 
matrices) it is actually desirable to have limited interaction to promote a tougher 
composite, while in other cases stronger fibre-matrix interactions are preferred. 
Therefore, depending on the application of the composite, an optimal strength of 
adhesion must be reached.11, 14, 38, 61, 62  Thus the ability to tailor the degree of 
interaction between fibre and matrix, or at least improve it, holds significant 
outcomes and is of great interest in academic and industrial circles. 
 




Adhesion may be achieved through fibre-matrix bonding, including van der Waals 
interactions, mechanical interlocking, and covalent bonding, the latter of which is 
the strongest.11, 57 So an optimal composite for a specific application will be a 
balance. This is traditionally done by trial and error via finding the best combination 
of fibre, sizing, and resin. However, by surface modification techniques improving 
interfacial adhesion, more fibres can be made more compatible with more resin 
systems to achieve stronger composites. 
 
2.7 Analysing Carbon Fibre Surface and Micromechanical 
Properties 
 
As the focus of this review is modification of the carbon fibre surface in order to 
improve fibre-matrix adhesion and ultimately composite mechanical properties, it 
is important to be familiar with how these effects can be measured. For example, 
it is important to understand that carbon fibre surface analysis is always relative to 
a control and that there are very few definitive measurements, so many 
complementary techniques must be used to provide supporting evidence. 
Chemical and physical changes which occur to the fibres after treatment need to 
be measured to reveal whether or not the treatment decreases fibre strength or 
what chemical/physical changes occur to the fibre surface. Also, the performance 
of composites made from these modified fibres needs to be measured. 
Improvements or decreases in performance of the composite can then be traced 
back to the chemical or physical changes applied to the individual fibres. In the 
following sections, various methods used to test single fibres will be described. 
 
2.7.1 Fibre surface chemical characterisation: X-ray photoelectron 
spectroscopy (XPS) 
 
Carbon fibre surface chemistry is important as it influences surface polarity and 
governs the degree of chemical interactions and bonding that can occur between 
fibre and matrix. One of the most reliable methods to characterise the surface 
chemistry (in terms of elemental composition) of carbon fibres is XPS. While other 
chemical analysis techniques have been applied to carbon nanomaterials (such as 




Raman and IR spectroscopy), these techniques are less reliable due to signal 
flooding from the large amount of turbostratic and amorphous carbon. However, 
XPS is a surface-sensitive, quantitative spectroscopic technique based on the 
photoelectric effect that measures elemental composition at the surface of 
material, up to a sampling depth of 10 nm. Information on the elemental 
composition and oxidative state of the elements present, for example functional 
groups, can be identified.63 In XPS, the emission and energy analysis of low-energy, 
core electrons (20 – 2000 eV) are of interest. X-rays are directed onto the surface 
of the sample causing these electrons to be liberated via the photoelectric effect. 
The spectrometer setup consists of the sample being analysed, a source of primary 
radiation, and an electron energy analyser all of which are contained within a 
chamber under high vacuum ( ̴10-8 mbar, Figure 2-21 left). The energy of the 
emitted photoelectrons is analysed by the spectrometer and the data is presented 
as a graph of intensity (electron counts) versus electron energy (binding energy EB). 
The kinetic energy (EK) of the emitted electron is an experimental quantity 
measured by the spectrometer, but depends on the photon energy of the X-rays, 
so to identify the electron specifically the EB is calculated (Figure 2-21 right).64  
 
                  
 
Figure 2-21 Simplified schematic of XPS physics (left) and energy balance of the 























To obtain information on the atoms present, a low resolution survey scan can be 
initially performed and may be used to give low resolution atomic ratios relative to 
carbon. High resolution may then be individually analysed for each of the relevant 
atoms to reveal further information, such as specific functional groups present and 




Figure 2-22 Representative XPS low resolution survey spectra (left) and high 
resolution carbon spectra (right) showing C 1s peak65 
 
2.7.2 Fibre surface wettability, surface area and surface energy 
analysis 
 
Contact angle measurements can be used to determine surface wettability in a 
given liquid (Figure 2-23). Wettability of fibres can determine their adhesion 
properties. Fibre surface wettability can be measured using both optical and force 
tensiometry.66, 67 In force tensiometry, the fibres are hung on the balance of the 
tensiometer and brought into contact with the test liquid. The tensiometer then 
measures advancing and receding contact angles, as well as recording the wetting 
force.67 In optical tensiometry, a drop is placed on the surface of the fibres. Pictures 
are taken and water contact angles can be obtained. If the contact angle is less 
than 90°, the surface is considered hydrophilic (polar), between 90 ‒ 150˚ 
hydrophobic (non-polar) and >150˚ superhydrophobic.66 
 






Figure 2-23 Contact angle measurement 
 
Specific surface area and surface energy can be determined using an inverse gas 
chromatography (IGC)-surface energy analyser. The total surface energy � 𝛾𝛾 𝑇𝑇
𝑆𝑆
� is 
the sum of the dispersive � 𝛾𝛾 𝐷𝐷
𝑆𝑆
� i.e. non-polar, hydrophobic and specific 
� 𝛾𝛾 𝐴𝐴𝐴𝐴
𝑆𝑆
� energy i.e. polar, hydrophilic contributions. In this way, the polarity of the 
surface can be measured. Surface polarity influences surface wettability. Polar 
surfaces will be more compatible with polar, hydrophilic resins while non-polar, 
hydrophobic surfaces will be more compatible with non-polar, hydrophobic resins. 
This is why epoxy resins are a good match for the polar, hydrophilic surface of 
oxidised carbon fibres. 
 
2.7.3 Fibre surface topography: atomic force microscopy (AFM) 
 
The advantage of using atomic force microscopy (AFM) is that it can generate high 
resolution images of the fibre surface as well as measure surface roughness. 
Optical and electron microscopes are used to visualise the surface, and use light or 
electron beams respectively to generate 2D images. Visual inspection of the images 
can identify signs of damage, such as pitting, caused by the fibre treatments. AFM 
has the ability to generate 3D representations of the fibre surface. Because it can 
measure surface height, it can measure roughness. Micro-scale roughness is an 
important factor influencing adhesion by mechanical interlocking and may also 
indicate surface damage. The surface imaging technique can provide high 
resolution images with the same resolution as scanning electron (SEM) and 




transmission electron microscopy (TEM), and so is an excellent complementary 




Figure 2-24 Comparison of length scales of various microscopes68 
 
AFM uses a tip connected to a cantilever to investigate the surface either in tapping 
mode or contact mode (similar to a record player).69 A laser is focused on the end 
of the cantilever and the angle of deflection experienced by the laser as a result of 
the moving cantilever is detected by a photodiode (Figure 2-25). This information 
is transformed into a three dimensional image.68 The key data obtained from this 
technique is typically 3 × 3 µm2 visual images for signs of fibre damage, and 1 × 1 
µm2 surface map for microscale roughness. This size of image assists in minimising 
errors due to the curvature of the fibre. 
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Figure 2-25 Schematic diagram of the cantilever and tip, with the laser and 
detector68  
 
2.7.4 Fibre strength and stifness: Favimat+ 
 
It is important to physically analyse and characterise fibres pre and post treatment 
to ensure there has been no significant loss in important fibre properties. Key 
performance properties which are of interest in this project are linear tensile 
strength, Young’s modulus (stiffness), and coefficient of friction, and these can be 
tested using the FAVIMAT+ Robot 2 single fibre tester which automatically 
measures linear density and force extension data for individual fibres loaded into 
a magazine (Figure 2-26).70 Typically 75 samples will be analysed to ensure 
acceptable levels of error, though more can be easily added if required. 
 






Figure 2-26 Test section Favimat+70 
 
The tensile strength is measured and then standardised using the linear density. 
The mean tenacity values need to be determined and then subjected to Weibull 
statistical analysis. Even if great care has been taken to ensure similar experiments 
during Favimat tensile testing, the results can still exhibit significant scatter and it 
becomes desirable to apply statistical analysis. One of the first attempts to do this 
was by Weibull. Based on the weakest-link theory, he proposed the Weibull 
probability distribution. The basic theory behind the model is that all materials 
contain inhomogeneities which are distributed randomly with a certain density per 
unit volume.71 Carbon fibres are brittle materials and can be described by the 
Weakest-Link model i.e. failure at one defect causes failure of the total structure. 
The Weakest-link model was originally developed by Weibull to describe the 
scattered tensile strengths of brittle materials. Their failure is influenced by defects 
that are statistically distributed throughout the material, meaning the strength of 
the fibres are dependent on guage length tested.72  Failure stresses of the carbon 




fibres examined from Favimat testing can be further analysed using the two-
parameter Weibull distribution according to Equation 2-1.73  
 
𝑃𝑃(𝜎𝜎) = 1 − 𝑒𝑒−� 𝜎𝜎𝜎𝜎0�𝑚𝑚    Equation 2-1 
 
Where P is the cumulative probability of failure of a filament at the applied stress 
σ. The Weibull distribution is characterised by the shape parameter m and the scale 
parameter σ0 or characteristic strength. The shape parameter or Weibull modulus 
m indicates the distribution of failure stresses. For example, a high m value 
indicates the surface treatment/defects introduced is homogenous. The scale 
parameter σ0 represents the stress at which 63.2% of the filaments break. If for 
example σ0 decreases after treatment, then the treatment damages the surface.72  
 
Fibre friction analysis can be undertaken using the FAVIMAT+ Robot 2 single fiber 
tester to determine coefficient of friction, simply by changing the clamp.70 The 
macroscopic friction is measured between the fibre and stainless steel prongs of 
the clamp.70 
 
2.7.5 Fibre-matrix adhesion measurement: pull-out, push-out and 
single fibre fragmentation 
 
Several tesing methods exist for measuring fibre-matrix adhesion using single 
fibres or groups of fibres. These include fibre pull-out/micro-debond, fibre push-
out, and fibre fragmentation methods.  
                                                                                                                                                 
In fibre pull-out/micro-debond experiments, one end of the fibre is cured in a 
microdroplet of resin, the load required to pull the fibre out of the resin is 
measured and used to determine interfacial shear strength (IFSS) (Figure 2-27).74-
77  
 






Figure 2-27 Schematic diagram of the single fibre pull-out and micro-debond 
methods for measuring fibre-matrix adhesion 
 
The following Equation 2-2 is used to determine IFSS (τ), where F is the maximum 
load measured before detachment of the fibre from the matrix, πd is the fibre 
circumference and l is the embedded length. 
 
𝐹𝐹 =  𝜏𝜏𝜏𝜏𝜏𝜏𝜏𝜏    Equation 2-2 
 
Fibre surfaces may also be visualised under SEM following the test to inspect 
presence of resin still bonded to the fibres. However it is agreed that during this 
test, the state of stress at the interface creates a normal tensile interfacial force 
not encountered in actual composites, and so is not very representative. Also, it is 
very important to accurately control the embedded length of fibre.57  
 
In the single fibre push-out test, single or multi fibre composites are fabricated, 
followed by pressing the fibre through the composite in a very controlled manner. 
The force required to push the fibre free of the interface is measured and used to 
calculate IFSS. The cavity may also be studied to inspect the damage caused by high 
adhesion. Unfortunately, execution of this test is complex and requires the 
flattened tip (used to push the fibre out) to be exactly in the centre of the carbon 
fibre to avoid uneven force being applied to the cross section (Figure 2-28).57 
F F
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Figure 2-28 Schematic diagram of the single fibre push-out method 
 
An alternative method, the single fibre fragmentation test (SFFT), originally 
developed by Kelly and Tyson78, uses the shear stress transfer process to produce 
fragmentation of a continuous fibre. The test involves preparing a single fibre 
composite by applying pre-tension to the fibre, immersing the fibre in resin and 
curing it to form a “dog-bone” shaped coupon. Tension is then applied to the 
coupon in the direction of the fibre length, as the resin is stretched, the fibre 




Figure 2-29 Schematic diagram of the single fibre fragmentation test 
 
The interfacial shear stress transfer mechanism is relied on to transfer the coupon 
tensile forces into the encapsulated fibre through the interface. As the load is 
increased on the coupon, shear forces are transmitted to the fibre along the 
interface. The fibre breaks at locations where the fibre axial stress reaches its 
tensile strength. When the fibre breaks, the tensile stress at the fracture location 












fashion from its ends to a plateau in longer fragments. Higher axial strain will cause 
more fractures in the fibre, but eventually the fragment lengths will cease to 
change when the fragment lengths are too short to transfer enough stress to the 





Figure 2-30 Left: Specimen with increasing number of fibre breaks as a result of 
increased strain levels in the matrix, where σ is the force applied to the 
composite and lc is the critical fibre fragment length. Right: stress in the fibre as a 
function of position for the respective matrix strain levels. Zero stress 
corresponds to the position where the fibre is broken79 
 
The test is run until saturation of the fragment length, monitored in situ with a 
camera, and the test is stopped when fragment length saturation is reached. At 
least five replicates are prepared for each sample to get an acceptable statistical 
average. After the fibre has fragmented to completion, the length of the fragments 
are measured under a microscope and the IFSS can then be measured as a function 
of fragment size, with shorter fragments typically indicating stronger IFSS.78-80  
From the average fragment length l, the critical fragment length lc can be calculated 
(Equation 2-3). This value takes into consideration the fibre length required to 
introduce enough stress for the fibre to break.  




𝜏𝜏𝑐𝑐 =  43 𝜏𝜏    Equation 2-3 
 
After the critical fragment length has been calculated, the characteristic strength 
σ0, Weibull modulus m, and gauge length L0 (calculated from tensile data) are then 
used to calculate the fibre strength at critical length σf (Equation 2-4), which is the 
strength of the fibre when fragmentation has reached saturation. 
 
𝜎𝜎𝑓𝑓 =  𝜎𝜎0  �𝐿𝐿0𝑙𝑙𝑐𝑐�1 𝑚𝑚�     Equation 2-4  
Note: σ0 and m from Weibull calculations. L0 = 25 mm from instrument 
 
Using these values, shear strength at the interface (τIFSS) is estimated from the 
Kelly-Tyson Model (Equation 2-5), where σf is the fibre strength at critical fragment 
length, df is the fibre diameter (average diameter of 7 µm as determined from 
Favimat tests). 
 
𝜏𝜏𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆 =  𝜎𝜎𝑓𝑓𝑑𝑑𝑓𝑓2𝑙𝑙𝑐𝑐     Equation 2-5 
 
The state of stress produced at the interface closely resembles the state of stress 
produced at the interface in high fibre volume fraction composites, so is the most 
representative of a true composite. Once a mould has been made, preparation of 
identical, uniform test coupons is simple in comparison to the former tests 
discussed. Other features may also be noted such as the coloured patterns 
(birefringence or photoelastic patterns) observed under optical microscope using 
polarised light, giving information about interfacial shear and frictional stresses 
and strains at the interface (Figure 2-31).79 Fracture morphology of the SFFT 






















Matrix cracking perpendicular to the fibre axis at the highest levels of adhesion 
 
Figure 2-31 From top to bottom are shown photoelastic patterns of the three 
failure modes coincident with the three levels of adhesion: frictional sliding 
(weak), interfacial crack propagation (medium) and matrix cracking (strong)51, 57 
 




A limitation is that not all resins are suitable for this test. The strain to failure of the 
matrix must exceed that of the fibre by a factor of three. The matrix must also be 
transparent in order to visualise the fibre breaks.57 This technique will be the choice 
for this project due to the relative ease which the samples can be prepared and 
tested, also the suitability of the RIM935/937 resin combination. 
 
So far we have discussed the consequences of fibre-matrix adhesion and how it 
can be tested. The next section will cover how fibre-matrix adhesion may be 
improved. 
 
2.8 Improving Interfacial Adhesion 
 
Fibres may be exposed to surface treatments to improve their adhesion to the 
matrix. In industry, to improve adhesion, fibres undergo an electrolytic surface 
treatment followed by application of a sizing layer. Treatments can be applied in a 
batch or continuous process, and fibre production will favour the latter. A 
continuous fibre production process requires a continuous surface treatment 
process, which can be operated inline.38 The current surface treatment and sizing 
steps satisfy this requirement for rapid, continuous fibre production and 
treatment. 
 
In the following sections, various surface treatments will be discussed. The 
discussion will first focus on treatments currently used in industry (electrolytic 
oxidation and sizing), followed by research pursuits in plasma treatment, 
deposition of nanomaterials and wet chemistry methods. 
 
2.9 Electrolytic Oxidation 
 
Electrolytic oxidation takes advantage of the conductive property of the carbon 
fibre to act as an anode in a suitable electrolyte bath, usually water and ammonium 
bicarbonate, though various electrolytes have been trialled.82 The electrolyte must 
be a good conductor, cheap, removed with aqueous washing, and safe for 




handling.38 The cathode is a graphite plate covered in a nylon bag to prevent the 




Figure 2-32 Electrolytic oxidation 
 
The potential must be sufficient for water electrolysis to occur, the concentration 
of the electrolyte must be sufficient to enable the electrochemical reaction to take 
place and further electrolyte must be added during the run to allow for fibre take-
up. The current depends on the number of tows (a ‘tow’ is a bundle of continuous 
filaments), fibre type and line speed and treatment process should be controlled 
at constant current rather than constant potential. Care must be taken as hydrogen 
gas, which is flammable and explosive, is produced. As learned from the 
electroplating industry, the electrolyte must be circulated within the bath and the 
surface area of the cathode chosen to give uniform current density. The tow band 
must be uniformly spread, as uneven current density will result in non-uniform 
surface treatment. The electrolyte is heated to reduce surface tension at the fibre 
surface and increase ionic mobility. After surface treatment, the fibre is rinsed with 

















2.9.1 Water electrolysis 
 
The electrolysis of water is the splitting of water (H2O) into oxygen (O2) and 
hydrogen gas (H2) due to electric current passing through the water. Hydrogen gas 
will evolve at the cathode (the negative electrode) and oxygen gas will evolve at 
the anode (the positive electrode). An electrolyte needs to be added because pure 
water is not very conductive. Shown in Equations 2-6 and 2-7 are the half-cell 
reactions for alkaline electrolysis83: 
 
Cathode (reduction): 2H2O + 2e−  →  2OH−  +  H2    Equation 2-6 
Anode (oxidation): 2OH−  →    H2O + 2e− +  12O2     Equation 2-7 
 
However, as the carbon fibre is polarised as the anode, aromatic moieties on the 
fibre surface become radical cations that undergo nucleophilic attack by the OH-, 
so the hydroxide reacts and becomes attached to the fibre surface rather than 
forming oxygen.83, 84 These now surface hydroxyl groups may then become further 
oxidised to other functional groups such as ketones and carboxylic groups as 
evident in literature.83 The edges of the basal planes are the most reactive area and 
most easily oxidised. As the modulus of the fibre is determined by the orientation 
of the graphitic planes and higher modulus fibres have a higher degree of 
orientation i.e. the edges are less exposed at the surface, higher modulus fibres are 
more difficult to oxidise.40 Lower modulus fibres on the other hand have a reduced 
degree of axial rotation so the edges of the basal planes are more likely to emerge 
at the surface.40, 85 The oxidation introduces oxygen species to the surface, and in 
the process erodes the surface to form micro-pores.40 
 
The polar functional groups installed onto the carbon fibre surface improve the 
interfacial adhesion strength by increasing Van der Waals interactions and fibre 
surface wettability. The electrolytic treatment also has an etching effect that 
increases surface roughness to improve mechanical interlocking. Different surface 
topographies can be seen after surface treatment and sizing. Electrolytic surface 
treatment has a cleaning effect, etching away loosely-bound carbon layers leaving 




a surface with visible striations. When sizing is applied, these furrows become 
filled-in.51 
 
The main function of surface treatment is to remove the original defect-laden 
surface and leave behind a structurally sound surface i.e. one which is capable of 
supporting higher shear loadings. The increase in structural integrity of the fibre 
surface is the main reason for improved fibre-matrix adhesion.57 The erosion of the 
surface increases surface area, and addition of the polar functional groups allows 
the matrix to penetrate into these furrows, increasing mechanical interlocking. 
Improving the carbon fibre surface structure also increases the fibre tensile 
strength. However these treatments must be carefully optimised to avoid 




Figure 2-33 Percentage increases in tensile strength (TS) and interfacial bond 
strength (IFBS) for carbon fibres following electrochemical oxidation for varied 
time periods52 
 




Anodic oxidation of metals may have been the inspiration for anodic oxidation of 
carbon fibres. Anodic oxidation is also used to produce oxide films on metals to 
increase corrosion resistance, wear resistance and provide better adhesion for 




As carbon is only permitted to have four bonds, during the oxidation process, 
carbon atoms on the fibre surface form new bonds to oxygen groups, so this means 
existing bonds to other carbon atoms need to break.87, 88 When these ‘cracks’ line-
up, small pieces of graphene may flake-off from the surface (Figure 2-34).88 These 
small ‘flakes’ are known as graphene quantum dots (GQDs), and have 
photoluminescent properties making them potential fluorescent probes for bio-
imaging and use as LEDs. They are water soluble owing to the presence of oxygen 




Figure 2-34 Representative scheme showing oxidative cutting of GQDs88 
 
In summary, this current surface treatment process for carbon fibres does not 
incorporate sufficient functional groups onto the surface to allow for covalent 
bonds to play a major role in the adhesion process. Rather, removal of the weak 
outer fibre layer and better mechanical interlocking is assumed to be the main 
adhesion phenomenon.57, 90 
 




2.10 Sizing  
 
Surface coatings known as sizings are also used to affect fibre-matrix adhesion.38 
Following electrolytic surface treatment, it is necessary to dry the fibre to provide 
accurate resin pick-up in the subsequent sizing process. The sizing coating is 
applied as the fibre passes through a bath containing a water-based emulsion, 
typically an epoxy-based sizing. It is essential to provide adequate circulation to 
ensure uniform size distribution cross the width of the tow band. As the fibre exits 
the sizing bath, excess size liquor is squeezed out by a roller prior to drying. Amount 
squeezed out prior to drying, spread of the carbon fibre tow and concentration of 
the size in the bath will all control the resin pick-up.38 
 
The sizing not only helps with fibre handlability (section 2.5.1), but also composite 
performance. Surface sizing is also used to increase fibre-matrix adhesion. The 
finish layer interacts with the epoxy resin, causing a local change in properties in 
the fibre matrix interphase. The layer is hundreds of nanometers thick and contains 
a gradient in amine concentration resulting from mixing with the matrix (matrix 
containing epoxy and amine hardener).60 The modulus of epoxy rich 
stoichiometries increase, but the material also becomes more brittle and has lower 
toughness. The high modulus interphase can increase compressive strength and 
modulus by providing additional flexural rigidity and resistance to fibre bending. 
Shear modulus of the brittle interphase will be higher than the bulk epoxy so the 
interphase region will contribute to increasing the flexural modulus.60 Increasing 
the shear and tensile modulus in the interphase region will result in more efficient 
stress transfer from the matrix to the fibre surface. The shear modulus effect on 
interfacial shear strength can be demonstrated by Cox’s model of shear lag 
analysis. Shown in Equation 2-8 is H, a proportionality constant Cox defined 
between matrix displacement and the load transferred from matrix to fibre.  
 





    Equation 2-8 




Where G is the shear modulus of the matrix, rf is the mean radius of the fibre and 
r0 is the distance from the centre of the axis of the fibre to a point where the 
influence of the fibre on the matrix displacement disappears. Therefore, the higher 
the shear modulus, the higher the constant H and the better the stress transfer 
from the matrix to the fibre.91 A brittle interphase further helps with achieving 
more uniform stress transfer between adjacent fibres, preventing interlaminar 
failure and increasing flexural strength. Despite the low fracture toughness of the 
interphase, mode I fracture toughness increases as a result of the improved 
adhesion.60  
 
Choice of sizing is important, as certain sizings work best with certain resin systems. 
An “incompatible” combination can reduce fibre-matrix adhesion. The sizing used 
to coat the fibres should be readily dissolved in the matrix. For example, Yumitori 
et al. showed that interfacial shear strength improved from 20 MPa for unsized 
fibre in epoxy matrix to 25 MPa with brominated epoxy sizing in an epoxy resin 
matrix. The same brominated epoxy sized fibres in a polyethersulphone (PES) 
thermoplastic matrix increased interfacial shear strength to 40 MPa. Yumitori et al. 
further demonstrated how compatibility of the two components could be 
identified using time-of-flight secondary ion mass spectrometry (ToF-SIMS) to 
analyse fracture surfaces of composites of each sample. ToF-SIMS uses sputtered 
ions from the surface to create a chemical image. By choosing an ion which is 
typical of the sizing polymer (Br-) and an ion typical of the matrix polymer (S-) the 
compatibility of the two components could be identified. The image of the fracture 
surface of the epoxy resin composite was dominated by Br- indicating the fracture 
within the sizing-rich interphase. The absence of S- in the image indicated that the 
compatibility of the sizing with this matrix was limited, leading to a distinct 
interphase. The ToF-SIMS image of the PES sample was dominated by both ions, 
indicating an interphase region consisting of a blend of the sizing and PES matrix. 
So, with the thermoplastic PES matrix, a graded interphase formed.40, 92 
Sizing/resin compatibility is further demonstrated by examination of molecular 
weight of the sizing polymer. The mixing of polymers depends strongly on 
molecular weight.40 In the presence of sizing polymer, interfacial shear strength 




increases with the inverse of molecular weight.40, 93 Polarity also influences 
compatibility as highly polar sizings have better interaction with polar matrix 
polymers and less polar sizings are more suited for non-polar matrices.40, 94 
 
In conclusion, stress transfer between fibre and resin is determined not only by the 
compatibility of sizing and matrix, but also mechanical properties of the interphase 
region that forms.40 Control of interphase mechanical properties is important. A 
low modulus interphase is not desirable, instead modulus of the interphase should 
be close to that of the matrix, but with lower yield strength so that energy is 
absorbed by elastic-plastic deformation instead of de-bonding.40, 95  
 
Aside from methods currently used in industry to improve interfacial adhesion, 
research has focused on developing new ways in which the surface of carbon fibre 
can be modified to this end. These will now be discussed, beginning with plasma 
treatment. 
 
2.11 Plasma Treatment 
 
Plasma treatment is one method of surface treatment which is currently being 
researched. A gas plasma can be produced when desired gases are introduced into 
a vacuum chamber (0.133 – 13.2 mBar) and excited using radiofrequency (RF) 





Figure 2-35 States of matter with increasing energy input 
 
The electrons and free radicals collide with the material surface, breaking covalent 
bonds and creating more free radicals on the surface. The activated surface can 
Solid Liquid Gas Plasma




then combine with the excited gas species to attach these groups to the material 
surface. The plasma process can be controlled by varying gas flow rate, pressure, 
RF power and treatment time.96 Plasma treatments for carbon fibres can be 
separated into non-polymer forming plasma and polymer-forming plasma. 
 
2.11.1 Non-polymer forming plasma 
 
A non-polymer forming plasma abstracts hydrogens from the fibre surface creating 
free radicals which may later be oxidised upon exposure to air. The process also 
has an etching effect, so this process may be used in place of electrolytic 
oxidation.97, 98 However, like electrolytic oxidation, parameters such as RF power 
and treatment time need to be optimised to avoid damaging the fibre. The gases 
used for non-polymer forming plasmas are oxygen, nitrogen, hydrogen, ammonia 
and argon. Oxygen plasma has been used to increase fibre-matrix adhesion by 
introducing oxygen functionalities and etching the surface.97, 98 Nitrogen plasma 
treatments offer superior fibre-matrix adhesion as nitrogen functionalities are 
introduced to the fibre surface, allowing amine-epoxy crosslinking. Unfortunately 
these nitrogen plasma treated fibres are very moisture sensitive and fibre-matrix 
adhesion was drastically reduced upon exposing them to air.99 
 
Oak Ridge National Laboratory (ORNL) in the United States have recently patented 
a system which utilises microwave plasma assisted processing to carbonise PAN, as 
well as plasma treatment in air to attach oxygen functional groups to the tow 
surface as a means of in situ tow surface treatment, in place of electrolytic 
oxidation (Figure 2-36).100 
 






Figure 2-36 Plasma treatment using a microwave-assisted plasma unit at ORNL101 
 
2.11.2 Polymer-forming plasma 
 
Polymer-forming plasmas can deposit polymeric films on to surfaces and can be 
produced from organic gases or liquid vapours. These plasma polymer films may 
be used as sizing to protect the fibres and improve fibre-matrix adhesion. Tensile 
strength has been shown to increase slightly and it is postulated that the deposited 
plasma coatings fill surface cracks and flaws, helping them to heal.96 Once again, 
as with non-polymer forming plasma treatments, long treatment times and higher 
RF power inputs can damage the fibre.96 Plasma polymer films, like sizings, need to 
be compatible with the matrix resin in order to have a positive effect on fibre-
matrix adhesion. For example, Zou and Netravali used the plasma polymer 
deposition of ethylene and ammonia gas to improve fibre-poly(ether ether ketone) 
(PEEK) matrix adhesion. However when 100% ethylene plasma was used, there was 
no effect on the fibre-matrix adhesion. This was attributed to ethylene being non-
polar and PEEK being more polar in nature.102  
 
Processes behind plasma polymer growth are not well understood and reproducing 
results in different reactors in the hands of different operators, has remained 




problematic. The reason for this is that the resulting polymer depends on process 
parameters such as reactor design, electrode configuration, and operating 
variables of power, gas flow rate and pressure. Saboohi et al. have demonstrated 
that just by changing the pressure inside the plasma reactor, very different 
polymers can be formed. For example, in their study, ethanol was used as the 
precursor to form plasma polymers on the substrate surface. At lower pressure, 
less oxygen from the ethanol precursor was incorporated into the final polymer. 
However, at higher pressures, more oxygen from the ethanol was incorporated 
into the final polymer layer, resulting in a more hydrophilic surface.103 
 
To conclude, plasma treatments can be used to carbonise fibre, oxidise the surface 
and deposit a sizing-like polymer layer. The benefit of plasma is that it is a dry 
technique, and so washing or drying stages are not required and no waste solution 
is generated. The plasma surface treatment times are relatively short, only a few 
minutes in duration. RMX Technologies, in partnership with Oakridge National 
Laboratory in the US, are working on plasma technologies for oxidation, 
carbonisation and surface treatments. The new plasma surface treatment 
technology is not focused on cost savings of the process itself, rather the plasma 
surface treatment allows the use of low cost sizings. For example, the plasma 
surface treatment would allow flexibility, in that the user can change the surface 
treatment and control the interface simply by switching the feed gas and plasma 
conditions. The interface can therefore be rapidly tuned to fit with the desired resin 
to be used.104, 105 
 
2.12 Deposition of Nanomaterials 
 
The deposition of nanomaterials on the fibre surface can be used to increase 
roughness and surface area to maximise mechanical interlocking or frictional force 
between fibre and matrix. For example, electrospray deposition (ESD) of carbon 
nanotubes (CNTs) onto carbon fibres for 20 minutes has shown to enhance IFSS 
with epoxy resin by 124% (relative to oxidised, unsized carbon fibre control).81 
Tensile strength was not significantly affected after being coated by CNTs and 




Weibull modulus, which describes distribution of flaws, slightly increased 
suggesting the treatment actually had a healing effect. Wettability, roughness, 
friction, Brunauer–Emmett–Teller (BET) surface area and surface energies all 
increased after the treatment. CNTs are by nature hydrophobic, however in the 
electrospray technique used, epoxy resin was used as a binder and so this may have 
influenced wettability measurements and specific (polar) surface energy. The 
electrospray deposition technique is simple; a CNT suspension is made into an 
aerosol and sprayed on to a target surface using an electric field.81  
 
Another way to introduce carbon nanotubes to the fibre surface is chemical vapour 
deposition (CVD). CVD is a direct growth method which results in grafted, 
perpendicularly-aligned CNTs on the carbon fibre surface at high coverages.  Using 
CVD, Qian et al. achieved an increase in interfacial adhesion (single fibre pull-out), 
of 60% (relative to an oxidised, unsized control). However, tensile strength of the 
fibre decreased substantially (55%). This decrease in tensile strength was 
attributed to damage caused by the application of the iron catalyst Fe(NO3)3 and 
subsequent exposure of the fibre to CNT growth conditions. The employed CVD 
process involved first oxidising the fibres in acid to improve catalyst distribution 
and ensure homogenous grafting of CNTs. The fibres were covered in iron catalyst-
containing solution, before being heated at 750 °C for one hour in the presence of 
acetylene and a 10% H2/Ar carrier gas. The CNT-grafted carbon fibres were then 
thermally oxidised in air at 300 °C for one hour to introduce polar functional groups 












Figure 2-37 SEM images of CFs after a) surface oxidation, b) deposition of iron 
catalyst particles, and c) CVD growth of carbon nanotubes106 
 
In a different approach, epoxy sizing containing CNTs was deposited onto carbon 
fibres by Cuiqin et al. The CNTs carried reactive carboxylic functional groups on 
their surface which were reported to covalently link with the epoxy sizing. In the 
study, nanotubes carrying carboxyl groups (COOH-CNTs) were reacted with 
increasing amounts of sizing. To analyse the interactions between COOH-CNTs and 
sizing, Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron 
spectroscopy (XPS) were used. From the FTIR spectra, absorption bands at 1735 
cm-1 (C=O) appeared and intensities increased at 915 cm-1 (C-O epoxide) with 
increasing amounts of sizing used. Data from XPS also indicated changes with the 
increased amount of sizing used: intensities corresponding to binding energies of 
C=O groups increased while intensities corresponding to binding energies COOH 
groups decreased. From these observed changes, the authors concluded that the 
COOH-CNTs had reacted with the sizing agent at 120 °C, in the manner proposed 














Scheme 2-4 Proposed mechanism: the carboxylic groups of COOH-CNTs as 
nucleophiles inducing ring opening of epoxy groups of the sizing agent107 
 




The deposited mixture improved wetting performance between the carbon fibres 
and epoxy resin and ILSS (short beam shear method) increased by 67% (relative to 
unoxidised, unsized control). Tensile strength also slightly increased with the 
presence of the deposited layer. Sizing agent without CNTs was deposited and also 




Figure 2-38 ILSS of deposited fibres/epoxy resin composites107 
 
This COOH-CNT/sizing deposition study showed ILSS improvements over sizing 
alone or COOH-CNTs alone, without decreasing fibre tensile strength. The 
electrospray deposition example was also effective in improving fibre-matrix 
adhesion without compromising fibre strength. However, the CVD process requires 
multiple steps, is time-consuming and damages the fibre. Some groups have 
developed chemical methods such as amide bond formation (discussed in section 
2.13.2) to covalently attach CNTs to the surface, however the process is slow and 
density of grafted CNTs is not as high as ESD and CVD.108-110  
 
The previous examples have highlighted the use of CNTs, however other 
nanomaterials are also available for use in surface modification. The carbon fibre 
surface/interphase has been modified using graphite nanoparticles in a study by 




Qin et al. CNTs are expensive whereas exfoliated graphite nanoparticles can be 
produced in high volumes and at reasonable costs. In their study, Qin et al. used a 
simple and quick dip-coating method to coat the fibres in an epoxy sizing graphite 
nanoparticle solution. They achieved a uniform coating, with 45% improvement in 
IFSS (SFFT) in comparison to oxidised, unsized carbon fibre and 35% improvement 
over oxidised, sized fibre. The benefit of including nanoparticles in the sizing layer 
is that they can increase the shear and tensile moduli of the matrix in the 
interphase region, helping achieve more efficient stress transfer from the matrix 
to the fibre surface.91 
 
2.13 Organic Chemistry Methods 
 
Another area of surface modification has focused on covalently attaching 
functional groups and polymers to the carbon fibre surface using “wet” chemistry 
methods. These functional groups may be able to react with epoxy resin for 
example, to form strong covalent bonds between fibre and resin. Polymers 
attached covalently to the surface may increase wettability and/or they may carry 
functional groups to link to the resin. The wet chemistry methods used to attach 





In the manufacture of glass fibre reinforced polymers (GFRP), it is common to coat 
the glass fibres with a bifunctional coupling agent, for example organosilane 2-3, 
prior to setting in resin to fully utilise the strength of the reinforcing fibre and 
reduce the propensity of de-lamination failure. The coupling agent is added in the 
aim of forming covalent bonds between the resin and the glass fibre, improving 
adhesion between the two components. This treatment has also been applied to 
carbon fibre to achieve the same aims; the functional groups carried on the silanes 
can react with the majority of thermosetting resins (Scheme 2-5).15 
 






Scheme 2-5 Group X is able to react to form a covalent bond with the resin15 
 
However the surface of glass fibres possesses a high density of hydroxyl groups, 
while the surface of carbon fibre must first be oxidised to introduce these groups. 
While this process enriches the surface in oxygen, a homogenous coverage is not 
achieved. In work done by Harris et al., carbon fibres were first oxidised by boiling 
in 70% nitric acid, introducing hydroxyl groups to which the silanes are then able 
to form Si-O bonds to the fibre surface as they do with glass fibres. Tensile and 
interlaminar shear (short-beam flexure testing) properties of the treated carbon 
fibre/polyester composites were tested. After oxidising in HNO3, tensile strength 
improved by 7% and ILSS (short-beam flexure) was 23% higher than the “as-
received” fibres. Following subsequent silane treatment with epoxysilane 2-4, 
tensile strength increased a further 12% and shear strength by 10% over the 
control (HNO3 boil), resulting in a total improvement of 35% shear strength. The 
increase in shear strength was assumed to have been a result of covalent 




In another study on silane treatments, Li and co-workers examined the effect of 
using the silane coupling agent SGS 2-5 on the tensile properties of carbon fibre 
























Two treatments were undertaken, air-oxidation and SGS 2-5 treatment at various 
concentrations, and the results compared. Tensile strength and modulus results 
were attained and the fracture surfaces examined using SEM. The concentration 
of 2-5 used on the fibres affected the tensile strength and modulus, with an optimal 




Figure 2-39 The effect of SGS 2-5 concentration on tensile properties111 
 
Using the optimal level of SGS 2-5 concentration (0.3 wt%) for treatment saw an 
improvement (18%) in the modified carbon fibre composites tensile strength in 












Figure 2-40 The influence of modification methods on tensile properties111 
 
Fracture surfaces were examined by SEM to provide insight into the interfacial 
adhesion. In Figure 2-41 a, the untreated fibres appear smooth with large gaps 
between the fibres and the resin, causing poor adhesion between the fibre and the 
matrix. The fibres from the air-oxidation process (Figure 2-41 b) were rough due to 
the damage from the oxidation process. Small gaps between fibre and resin could 
still be seen. However, the SGS 2-5 treated fibre composite (Figure 2-41 c) had 
short fibres on the fracture surface and the fibres were broken along with the 
matrix without leaving holes, indicating that the matrix and the reinforcement 
were strongly bound together.111 Unfortunately, no quantitative level of adhesion 









   
 
Figure 2-41 SEM images of composite fracture surfaces a) untreated b) air-
oxidation c) 0.3 wt% SGS treatment111 
 
In a recently accepted patent by Huang et al., methods of introducing silanol 
moieties to the surface of carbon fibres were discussed with the aim of forming 
strong bonds at the interface between the modified carbon fibre and variety of 
resins.112 Functional groups on the silanol moieties can be changed to be 
compatible with various resins. The treated fibres were characterised chemically 
using XPS and ToF-SIMS.112  
 
In another study, Jiang et al. adopted a modification route including acid oxidation, 
reduction and silane coupling treatment. The oxidation step was employed to 
introduce –COOH, -OH and –C=O groups to the surface. A LiAlH4 reduction step was 
then used to convert all of these oxygen containing functional groups to –OH, 
which would be able to couple with the silane ([3(2-aminoethyl) aminopropyl] 
trimethoxysilane) as illustrated in Scheme 2-6. However, these steps are time-
consuming and use chemicals (LiAlH4) which are not only damaging to the fibre but 
are also pyrophoric in nature, and so are not conducive to scale up. Tensile strength 
of the fibres decreased following oxidation and reduction, but increased after 
silanisation, presumably as the silane coating behaved like a sizing layer to remedy 
defects. Tensile strength of the silane treated fibres in polyurethane composites 
increased 18% compared to the oxidised fibres. The single fibre micro-debond test 
was used to evaluate IFSS between the fibres and polyurethane increased 26% 
relative to the oxidised fibres.113 
c) a) b) 






Scheme 2-6 Possible mechanism of interaction between carbon fibres and 
polyurethane matrix113 
 
2.13.2 Amide bond formation 
 
Another approach to carbon fibre surface modification has seen the grafting of 
amine groups to the carbon fibre surface towards interfacial bonding. The study by 
Pittman et al. involved first oxidising the fibres with 70% nitric acid to introduce 
carboxyl and ester sites at which to generate amide bonds with 



























































Scheme 2-7 Grafting of amine (TEPA) 2-6 on to the carbon fibre surface114 
 
The TEPA 2-6 can then be attached to the fibre while also providing free amines to 
react with the resin matrix. The reactivity of the surface-bound amines 2-7 was 
assessed in reactions with small model reagents: phenyl isocyanates, 1-6-




Scheme 2-8 Grafted amine reacting with styrene oxide 2-9 model compound114 







































































Larger model reagents were also trialled including isocyanate-terminated pre-
polymers and epoxy-resin pre-polymers. The amount of grafted amine groups was 
estimated by HCl (aqueous) uptake, and the reactivity of the surface bound amines 
2-7 were evaluated by determining the fraction of surface bound amine groups 2-
7 which had reacted with each of the model compounds. These fractions were 
calculated by the consumption of surface amines 2-7 and weight gains of the 
carbon fibres after treatment. Using this method it was estimated that grafting 
efficiencies in excess of 60% were achieved with TEPA 2-6-treated fibres with 
phenyl isocyanate, acetic anhydride and styrene oxide 2-9.114 The methods used 
gave an indirect measure of covalent attachment between fibre and resin. That 
work assumes that the only reaction that can occur is with the grafted amines 2-7 
and the reagents added to the surface. Also, no physical parameters were tested 
to access any adverse effects on fibre strength or structure following the 
treatments especially oxidation with 70% nitric acid.  
 
In another study, Ma et al. coupled a branched polyethyleneimine to the fibre 
surface using supercritical methanol to improve reaction efficiency. The surface 
grafted polyethyleneimine was able to increase polarity, wettability, roughness, 
IFSS, ILSS (short-beam shear) and impact toughness.115 A supercritical fluid is a 
substance at a temperature and pressure above its critical point, where the 
substance is neither a liquid or gas, but can behave like both.116 Supercritical fluids 
have low viscosity, high diffusivity and solvation power. The fibres were first 
desized and then acid-oxidised using a AgNO3/K2S2O8 solution to introduce 
carboxylic acid groups, which were then treated with SOCl2 to yield acyl chloride 
surface functionalities. Acyl chlorides are more reactive in the amide coupling 
reaction than carboxylic acid groups, as Cl- is a better leaving group than OH-. The 
improvement in IFSS (pull-out) was 82.6% for the supercritical amide coupling 
compared to untreated carbon fibres (de-sized fibres). Acid oxidised fibres were 
not tested, the authors assumed the observed improvement was solely from the 
polyethyleneimine coupling agent.115 
 







Figure 2-42 Composites IFSS and ILSS results (a) and SEM micrographs of the 
specimens following testing (b,e), untreated CF (c,f), CF-g-PEI (conventional 
amide coupling) and (d,g) CF-g-s-PEI (supercritical amide coupling)115 
 
Amide bond formation requires first activating the carbonyl via acyl chloride 
formation. This is a batch process and takes 48 hours to complete. Despite the 
supercritical amide coupling taking just 10 minutes, the overall process is quite 
time-consuming.115 
 
2.13.3 Functionalisation by diazonium intermediate formation  
 
The previous methods for organic functionalisation of the carbon fibre surface all 
target the defect sites, i.e. the oxygen containing functional groups introduced 




prior to functionalisaton. Another approach is to functionalise at the graphitic site 
instead (Figure 2-43). A common means of doing this is through in situ formation 




Figure 2-43 Carbon fibre surface target sites 
 
Shown below in Scheme 2-9 is the mechanism for in situ diazonium formation. An 
aniline compound 2-11 reacts with an organic nitrite 2-12 to form the diazonium 
intermediate 2-13 in situ. Under the influence of heat, the diazo species 2-13 
decomposes via homolytic cleavage to release nitrogen and forms an aromatic 
radical 2-14 which is then able to graft to the carbonaceous surface 2-15. The “R” 
groups can represent the desired functionalities to be introduced on to the surface, 










































In addition to carbon fibre, this type of reaction has been applied to other carbon 
materials such as glassy carbon, carbon nanotubes and nanohorns (horn-shaped 
sheath aggregates of graphene sheets).24, 117-120   The surface of carbon fibre is less 
like the nanotubes and nanohorns, but more like the disordered phases of sp2-
hybridised carbon atoms randomly interspersed with regions of amorphous carbon 
found in glassy carbon. Thus carbon fibre presents a more challenging surface to 
functionalise.121, 122  
 
The in situ generated diazonium reaction has been applied to carbon fibres to graft 
amines and carbon nanotubes to the surface. In two separate works, Wang et al. 
and Liu et al. used this method to graft amine compounds and CNTs to the 
surface.123, 124 Wang et al. used Raman spectroscopy to reveal an increase in the 
D/G band, and as expected this treatment disrupts the sp2 hybridised graphitic 
surface forming sp3 hybridised bonds between the grafting molecule and the 




Figure 2-44 Representation of carbon fibre graphitic surface before (left) and 
after grafting (right) 
 
Tensile strength of the fibres in both studies actually slightly improved following 
grafting while IFSS (pull-out tests) also increased relative to de-sized carbon fibre 
control for Wang et al.123 and for Liu et al. the control simply given as “pristine 
carbon fibre”.124 Both papers noted IFSS increase was highest for the grafted 
nanotubes (104%, 114%), followed by the grafted amine compounds (73%). The 
amine groups would be able to cross-link with the epoxy resin, however it was 
sp2 R sp3
R




concluded that the mechanical interlocking provided by the CNTs was more 
effective.123, 124 
 
In recent work by Servinis et al. the method of in situ diazonium formation was 
used to functionalise carbon fibre with tailored molecules. The target “linker” 
molecules synthesised carried three key components: (i) an aniline moiety for 
carbon fibre attachment; (ii) an XPS tag for ease of characterisation (CF3) and; (iii) 
an amine (NH2) available for reaction with an epoxide based resin (Figure 2-45). A 
hydrophilic linker was also included in the structure to increase surface polarity 





Figure 2-45 Schematic of linker molecule design for attachment to the carbon 
fibre surface125 
 
Tests were undertaken first to characterise the fibres and survey the presence of 
the introduced linker to the surface, and then to get a quantitative measure of the 
functionalisation using XPS. It is very challenging to quantify any XPS data from the 
C1s/N1s and O1s spectra of carbon fibre surfaces given the heterogeneity of the 
fibre surface.126 For this reason, fluorine was chosen as the XPS visible group as it 
was unique to the linker molecule and not native to the surface of unmodified 
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A second linker was also designed and included in the study. This second linker 
carried the XPS detectable tag in the meta position this time, instead of the ortho 
position. It was postulated that the CF3 group on the meta position, close in 
proximity to the aniline, would negatively affect diazotisation and subsequent 




Figure 2-46 CF3 group in meta or ortho positions 
 
Fibres which had undergone surface functionalisation using the meta linker 
showed little evidence of successful grafting (XPS). Conversely, for fibres treated 
using the same protocol and ortho linker showed good levels of compound grafting 
on the surface.125  
 
The alkyl amine remained protected with a butoxycarbamate group 2-17/2-18 to 
negate any side-reactions or interference from the alkyl amine during in situ 
diazotisation (Scheme 2-10, treatment 1). Once attached to the surface 2-19/2-20, 
the surface amine 2-21/2-22 could then be revealed via chemical deprotection 
(Scheme 2-10, treatment 2). Solid phase Boc-deprotection reaction conditions 
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Scheme 2-10 Functionalisation of carbon fibre using diazonium formation of 2-17 
and 2-18, and the subsequent deprotection protocol 
 
When the fibres were treated with the meta linker the IFSS decreased for 
treatment 1. During treatment 1 the fibres were immersed in hot (50 °C) organic 
solvent (1,2-dichlorobenzene and acetonitrile) for 24 hours. It was thought 
exposure to these conditions could remove impurities from the surface without 
introducing any new functionalities, decreasing the degree of bonding between the 
fibre and matrix. After exposure to treatment 2, IFSS further decreased. Treatment 
2 exposed the fibres to a 2 M acid solution for a period of 24 hours, which was 
predicted to have a similar and compounding effect of removing surface impurities. 
It was expected that IFSS would decrease following treatment 1 for the ortho 
linker, as there would be no free amine to react covalently with the resin. After 
treatment 2, IFSS increased markedly, higher than that of the control composite. 
Despite the cleaning effects of treatments 1 and 2, the deprotection step revealing 
the free amine was able to overcome these effects to improve the fibre-matrix 




































Figure 2-47 Interfacial shear strength of treated and untreated samples125 
 
The functionalised fibres were analysed to detect any noticeable damage induced 
by treatment, for example changes in roughness by AFM, which showed no 
morphological changes had occurred on the surface. Mechanical tests were 
conducted to determine coefficient of friction, which as expected increased 
following functionalisation. No significant changes were observed in the tensile 
strength following the treatment, suggesting that while the reaction covalently 
attaches the diazonium compounds to the graphitic surface, it does not 
compromise the integrity of the fibre.125 
  
These surface treatments using thermal in situ diazo formation and 
functionalisation typically take a number of hours (24 – 48 hours) to complete. The 
treatment does not require any prior oxidation. The two methodologies for 
carrying out successful surface functionalisation using diazonium species are 
outlined below in Scheme 2-11.125 In the thermal method (Scheme 2-11, path 1, 
top), an aniline 2-11 is added to a solution of acetonitrile/H2O and an organic 




nitrite, allowing in situ formation of a diazonium intermediate, thermal 
decomposition and then covalent attachment to the carbon surface 2-15.127 
Alternatively, in the electrochemical method (Scheme 2-11, path 2, bottom), a 
diazonium salt 2-23, is first synthesised and isolated, followed by removal of the 




Scheme 2-11 Functionalisation of carbon fibre conditions (1) via thermal 
decomposition or (2) electrolysis 125 
 
Both thermal decomposition and electrolytic grafting of diazonium species can be 
done in mild conditions, and electrolytic treatment can be completed at room 




The previous section highlighted organic chemistry methods used to functionalise 
the surface of carbon fibres, including thermal grafting with diazo intermediates. 
Although effective, these reactions are time consuming, batch process reactions. 
Discussed below is the faster option of electrografting, and an example of where 
this method has been adapted to a continuous, reel-to-reel system is shown. 
 
Electrografting is where an electrochemical reaction is used to covalently attach 























may be used including carbon, metals and dielectrics such as polymers. A number 
of electrografting methods have been developed, and can be grouped into 
reductive and oxidative electrografting reactions. Reductive electrografting 
includes the grafting of vinylics and diazonium salts, while oxidative electrografting 
includes the grafting of amines, carboxylates and alcohols.84 The common set-up 
for the electrochemical cell is shown below in Figure 2-48. Usually three electrodes 
are used; the working electrode (which is the substrate to be grafted to), the 
counter electrode and a reference electrode. For reductive electrografting, the 
working electrode is the cathode (negative electrode), while for oxidative 
electrografting, the working electrode is the anode (positive electrode). The 
desired molecule to be grafted to the surface is added into an electrolyte solution, 
a potential is then applied to the cell and monitored by a computer-controlled 
potentiostat. The potentiostat maintains a constant potential of the working 
electrode with respect to the reference electrode by adjusting the current at the 
counter electrode. It measures the current flow between working and counter 
electrodes. Electron flow (current) is the result of redox reactions. Magnetic stirrer 
bars cannot be used as they can cause electrical interference, so electrochemical 




Figure 2-48 Three electrode electrochemical cell connected to a potentiostat131 
Three electrode cell 
Potentiostat 




Electrografting can be undertaken and monitored in situ by the computer using 
either cyclic voltammetry (CV) or chronoamperometry (CA). In CV, a potential 
(volts, V) range is scanned over at the working electrode. The grafting molecule in 
solution, once its reduction or oxidation potential is reached, will react and graft 
to the surface. This reaction will be visible in the CV scan as either a reduction or 
oxidation peak current (amps, A), respectively (Figure 2-49 a). Conversely, for CA 
experiments, a constant potential usually slightly more than the known reduction 
or oxidation potential of the grafting molecule is applied to the working electrode 





Figure 2-49 a) CV of reductive electrografting reaction and b) CA of reductive 




















Usually, as the grafting process is irreversible and creates a non-
conductive/blocking organic surface layer, peak current in the CV scan and 
measured current in the CA experiment will decrease over time. In this way, 
progress of the grafting reaction can be monitored.130 
 
2.14.1 Reductive electrografting 
 
Reductive electrografting of diazonium salts is probably the most common 
electrografting method used. Diazonium salts, ArN2+ X- are highly reactive and 
undergo de-diazonation, the loss of nitrogen with the formation of an aryl radical 
Ar•.84 This high level of reactivity makes them excellent candidates for fast, efficient 
electrografting applications. In research by Delamar et al., nitro diazo salts 2-24 
were attached to carbon fibre surfaces. In the aqueous acidic medium, the grafting 
of 4-nitrophenyl groups occurred simultaneously with the reduction to 4-
aminophenyl 2-25 groups, which could then react with the epoxy resin to form a 




Scheme 2-12 Electrochemical reduction of diazonium salt 2-24 followed by 
carbon fibre surface functionalisation and reduction of nitro group133 
 
The successful grafting of the species was supported by cyclic voltammetry (CV) 
and XPS. The functionalised fibres were reacted with epichlorohydrin 2-26 
(Scheme 2-13) and characterised using XPS, comparing the XPS of the initial fibre 
with that of fibre after reaction with epichlorohydrin 2-26 there was an increase in 
the Cl 2p peak from 0 to 1.8%.133 This indicated that there were amines present on 
the surface and that these were able to react with a model epoxy, though 
absorption was not taken into account nor was a control (“as received” fibres with 
epichlorohydrin) analysis undertaken.  












Scheme 2-13 Reaction of epichlorohydrin 2-26 and surface grafted amines 2-25133 
 
Mechanical properties of the modified fibres 2-25 in composites were tested using 
a micro-mechanical test (pull-out test) as a measure of debonding sheer stress τd. 
Results showing an increase in IFSS of 63%, relative to unoxidised, unsized control 
fibres.133 
 
Another example of grafting on to carbon surfaces using the electrochemical 
diazonium reaction is work undertaken by Blinko et al. Their work functionalised 
the surface of various carbon surfaces including graphene, carbon nanotubes, 
glassy carbon and carbon fibre. The work used aryl diazonium ion nitroxides (ADIN) 




Scheme 2-14 Synthetic pathway for synthesis (left) and grafting to graphitic 
carbon surfaces with ADIN 2-28 (right)134 
 
The nitroxide moiety is an excellent synthetic handle that can allow covalent 
attachment of both small molecules and polymers (i.e. epoxy resin). Cyclic 































carbon electrodes and allowed also for characterisation of the graft formation via 
electrochemical changes.134 Surface coverage of the electrode could be 
determined using the equation: Γ = Q/nFA, where Γ is the surface coverage in cm-
2, Q is the charge in coulombs (calculated from the area under the diazo reduction 
peak in the CV), A is the area of the electrode surface in cm2, and n is the number 
of electrons transferred during redox transformation (in the case of diazo 
reduction, this is equal to one). However, grafting efficiency on carbon fibres could 
not be determined using this electrochemistry method as the surface area of the 
grafted electrodes could not be calculated.134 No physical testing on functionlised 
fibres was undertaken to assess effects or damage on the fibres, or to assess their 
performance in a composite through interfacial adhesion effects. Inspection of 
Figure 2-50, a photograph of carbon fibre tape after electrochemical treatment, 
shows regions clearly defined as to where exposure to ADIN 2-28 has taken place 
decreasing the surface gloss.134 Though a visible difference can be seen, the 
changes in surface gloss could also be due to desizing. The picture also 




Figure 2-50 photograph of carbon fibre tape after electrochemical treatment134 
 




As well as attaching diazonium species to meet purposes of enhanced covalent 
interaction between carbon fibre-matrix, an interesting side note is being able to 
use this reaction to effect another desirable property in carbon fibres: wettability. 
Researchers Matrab et al.  used a brominated diazonium salt 2-32 
electrochemically reduced to graft phenylethyl bromide groups to carbon fibres. 
The pre-treated fibres (CF-Br) 2-33 served as initiators for atom transfer radical 
polymerisation (ATRP) of vinylic monomers. Monomers included butyl, glycidyl and 
hydroxyethyl methacrylates, and were polymerised at the carbon fibre surface 





Scheme 2-15 Growth of polymer brushes on carbon fibre modified by electro-
grafted ATRP initiators 2-33 of parent aryl diazonium salts 2-32129 
 
The treated fibres were then characterised using XPS and water contact angles. 
Water contact angles were used to compare hydrophilic/hydrophobic character of 
the carbon fibre-polymer hybrids, carbon fibre and carbon fibre grafted with ATRP 
initiator 2-33. The water contact angles decreased in the order of carbon fibre>CF-
PBMA>CF-Br 2-33>CF-PGMA>CF-PHEMA. The qualitative study of fibre wettability 
was in agreeance with what was expected for the polymers; untreated carbon 
fibres are known to be hydrophobic as they are constituted of graphite and CF-
PHEMA is the most hydrophilic of the polymers due to the OH groups in the HEMA 
repeat units. XPS results showed an increase in surface O/C ratios as carbon fibres 
were modified with methacrylates, however neither of these methods can 


































Electrochemical diazonium reactions can be undertaken without the prerequisite 
diazonium salt. In a paper by Nematollahi et al., an in situ diazonium 2-34 was 
generated electrochemically and functionalised onto the surface of a glassy carbon 
electrode (GCE) in a one-pot process. The diazonium 2-34 is generated in the 
presence of sodium nitrite (NaNO2), water and a protic ionic liquid 
triethylammonium acetate (TEAA) acting as a buffer to maintain pH 7. The 
diazonium 2-34 is further reduced at the surface of the GCE, resulting in an aryl 
radical 2-35 which reacts with the aromatic surface of the GCE to covalently attach 













































OH Surface Functionalisation 




























Cyclic voltametry was used to quantify the redox activity of the modified GC surface 
2-36.135 A similar study also used protic ionic liquids, which exchange protons 
involved in the generation of aryldiazonium cations 2-13 from the corresponding 
arylamine 2-11 in the presence of sodium nitrite. In the study by Bèlanger et al.,  
they used the ionic liquid 2-methylpyridinium and trifluoroacetate in a 1:2 ratio to 
functionalise glassy carbon electrodes through a diazonium reaction involving 4-





Scheme 2-17 Schematic illustration of the electrografting of 4-substituted-
benzene groups  2-13 on glassy carbon electrode generated from corresponding 
aryl amine 2-11 in protic ionic liquid, where R is –Cl or –NO2 group136  
 
Indirect evidence of the presence of the grafted layer 2-15 was provided by cyclic 
voltammetry experiments to assess the blocking effect of the deposited layer. 
Conveniently, during the electrochemical process, the nitro group is reduced 
following surface functionalisation, and by assuming a 4-electron reduction 
process (Equations 2-9 – 2-12) the voltametric charge of the main cathodic wave 
gave a surface grafting coverage, Γ, calculated at 9 × 10-10 mol cm-2.136 The authors 
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2-14 2-15
Ar-NO2
 + e- → Ar-NO
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                                                    2-9
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+ + 4e- → Ar-NHOH + H2O                            2-10
Ar-NHOH + 2H+ + 2e- →
 Ar-NH
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The elements present on the surface were confirmed using XPS to show a Cl 2p 
peak at 202 eV for 4-chlorobenzene and N 1s at 406 eV for 4-nitrobenzene. Surface 
topography determined by AFM did not indicate significant differences, however 
thickness of the modified layer 2-15 was thinner than that achieved in an aqueous 
media. The authors thought that the relatively larger ions form the protic ionic 
liquid present at the electrode surface compared to those present in aqueous or 
organic electrolyte could influence the thickness of the grafted layer 2-15. The 
authors concluded that further investigations on the influence of different protic 
ionic liquids on the thickness of the grafted films 2-15 were required to determine 
the potential of this modification method.136 
 
Another electrochemical method has avoided diazonium salt and solvent 
altogether. The method used by Dai et al. instead employed a diazonium ionic 
liquid 2-39 which allowed modification of carbon materials through thermal and 




Scheme 2-18 Schematic representation of the synthetic approach for the 
diazonium ionic liquid 2-39 and its application for the chemical modification of 
carbon materials138 
 
Using the method, the researchers functionalised porous carbon rods and 
characterised these using high-resolution thermo gravimetric analysis (HRTGA) and 

















2-40 ionic liquid 2-39




for the C−H stretching vibration of the butyl group and peaks at 824, 1516 and 1623 
cm-1 for the p-substituted aromatic ring. Results from TGA showed a difference in 
surface coverage between thermal and electrochemical methods, 
electrochemically modified carbon surface-coverage loading was 6.07 × 10-10 mol 
cm-2 and for thermally activated diazonium was 3.38 × 10-10 mol cm-2.138 
 
The electrografting of vinylics allows formation of polymer films via anionic 
polymerisation.84 Electropolymerisation describes the electrochemical process 
where monomers are polymerised in solution at the surface of an electrode 




Scheme 2-19 Schematic mechanism for the electropolymerisation of vinylic 
monomers140 
 
In a recent publication Bachinger et al., this method of electropolymerisation was 
used to coat carbon fibres with methyl methacrylate (MMA) under ambient 
conditions. Usually, electrografting and electropolymerisation are performed 
under oxygen-free, anhydrous conditions, but the authors point out that 
electrocoating at constant current is less sensitive to water and oxygen than 
electrocoating at constant potential. In their work, Bachinger et al. utilised a 
continuous reel to reel system to electrocoat the fibres under ambient conditions. 
The coating amount was measured via TGA, where thicknesses of 90 nm were 
recorded. The coatings could be observed visually using optical microscopy. Due to 
the refraction of light in poly-MMA, the polymer coating appears colourful 




compared to the carbon fibres (Figure 2-51).139 Though again, no effect on 




Figure 2-51 Optical microscope image of electrocoated carbon fibre139 
 
The two reductive electrografting methods discussed (diazo and vinylics) are both 
very effective at attaching organic compounds to carbon surfaces and vinylics have 
the added advantage of forming polymer films, so they could also act as a sizing. 
 
2.14.2 Oxidative electrografting 
 
Under oxidative conditions, amines can be grafted to the substrate surface.84 This 
method has been applied to carbon fibres for anion exchange applications.141 
Electrografting of primary amines is very efficient, but secondary amines are less 
reactive while tertiary amines do not react at all, most likely due to steric 
hinderance with the surface. The mechanism for oxidative grafting of amines is 
shown in Scheme 2-20.84 Removal of an electron from the amine 2-42 generates 
the radical cation 2-43, in equilibrium with the carbon centred radical 2-44, though 
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Alcohols also may be electrografted on to carbon surfaces. The mechanism 
responsible for the electrografting of alcohols is not well understood, however it is 
believed to proceed in a similar fashion as electrolytic oxidation of carbon, i.e. the 
aromatic moieties at the surface of the carbon electrode are oxidised to radical 




Scheme 2-21 The electroxidative grafting of alcohols84 
 
Carboxylate groups can also be grafted to carbon surfaces. Following 
deprotonation of the corresponding carboxylic acid, the carboxylate 2-49 may be 
then oxidatively grafted to the substrate surface 2-50. The mechanism is related to 




Scheme 2-22 The electroxidative grafting of carboxylates, known as the Kolbe 
reaction84 
 
Oxidative electrografting of carboxylates has been used to modify the surfaces of 
carbon felts towards applications in solid phase supported combinatorial 
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While research into carbon fibre surface modification has been ongoing since the 
1970’s, these approaches are often not systematic, present limited conclusive 
data, fail to conduct control reactions, and very few characterise the treated fibres 
structural integrity. Thus there is an excellent opportunity to gain a thorough 
understanding of the surface interactions and potential functionalisation 
techniques to manipulate the surface from a chemistry perspective. 
 
Both thermal and electrochemical diazonium methods have been shown to be 
successful. However, electrochemical diazonium reactions can be completed 
within a few minutes, at room temperature, achieve greater surface coverage, and 
could potentially be easily inserted within the continuous carbon fibre production 
process as an in-line treatment utilising existing equipment already in place such 
as the electrolytic base bath. 
 
All surface treatment methods discussed in this literature review are summarised 
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3 A Study of Carbon Fibre Surface Grafting via in 
situ Diazonium Generation with Different 
Concentrations of Linker Molecule 
 
Chapter 3 is the first results chapter and it outlines a study on optimising 
functionalisation procedures (in situ diazonium generation) focussing on reagent 
concentration (linker 2-18). Extending on previous work, the concentration study 
focusses on reducing linker molecule concentration and studying the effects of this. 
The fibres treated at the various concentrations are characterised via X-ray 
photoelectron spectroscopy (XPS) to determine chemical composition. Physical 
characterisation of the treated fibres includes tensile testing, Weibull analysis, 
atomic force microscopy (AFM), and IFSS measurements. 
 
3.1 Rationale for Examining Reagent Concentration 
 
Previous work from within the Henderson research group established a means of 
surface functionalisation of unsized carbon fibres via in situ diazonium generation 
to enhance fibre-matrix adhesion.125 However, this original work used large 
amounts of reagent (2 g of linker 2-18/30 cm carbon fibre tow) which is impractical 
for scale-up. Much research in the area of surface modification demonstrates 
enormous promise, but the challenge remains to replicate some of these results in 
larger scales. In order to increase the scalability of the grafting reaction, it was first 
necessary to investigate the relationship between reagent concentration and 
interface enhancement to determine an optimal concentration for surface grafting 
(i.e. does decreasing reagent concentration result in lower IFSS enhancement?). 
Thus, the aim of this study was to examine a range of concentrations at which to 
perform carbon fibre surface grafting to determine if this had any major influence 
on the fibre-matrix adhesion. Being able to manipulate the surface of carbon fibres 
using minimal reagent without sacrificing the benefit of interfacial adhesion is a 
means to make the process more viable on a large scale and/or cost effective. 
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Taking the concentration used in the previous study (2 g/30 cm tow) as the 
standard (i.e. 100%) a range of dilutions was considered at which to undertake the 
surface grafting and correlate these to interfacial shear strength (IFSS). Dilutions of 
75%, 50%, and 25% were chosen, as well as a 200% variation of the standard was 
included to determine if doubling the concentration would double the amount 
attached to the surface and double the interfacial shear strength relative to the 
control.  
 
The fibres functionalised at each concentration would then be characterised 
physically (tensile strength, modulus, coefficient of friction, and via AFM), 
chemically (XPS) and the IFSS then determined. 
 
3.2 Synthesis of Linker Molecule 
 
The linker molecule 2-18 used in the previous work by Servinis et al.,125 was also 
used here. The linker was synthesised according to the previously published 




Scheme 3-1 Synthetic pathway for the synthesis of linker molecule 2-18 
 
The synthesis began with mono-Boc protection of diamine 3-1 to obtain 3-2 in 92% 
yield. The mono-Boc protected amine 3-2 was then reacted with 2-fluoro-5-











3-1, R = H
3-2, R = Boc, 92%
Boc2O, CH2Cl2
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, R = NO2, 99%
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reduced using catalytic hydrogenation to the corresponding aniline, giving linker 
molecule 2-18 in 99% yield. 
 
3.3 Functionalisation of Fibres 
 
The functionalisation procedure from the previous work, highlighted in Scheme 3-
2, was applied using linker molecule 2-18 and tert-butyl nitrite in a series of 
concentrations (25% to 200% relative to the previous work). The functionalisation 
step (treatment 1) first involved dissolving linker molecule 2-18 in a solution of 
ortho-dichlorobenzene (60 mL) and acetonitrile (30 mL). The solution was then 
degassed in a 250 mL round bottom flask by purging with nitrogen for 1 hour. Next, 
a sample of oxidised, unsized carbon fibre (approx. 400 mg, 15 cm length carbon 
fibre tow) was then added to the solution under a nitrogen atmosphere and fully 
submerged in the solution. Tert-Butyl nitrite was then added (2.5 equiv. relative to 
linker molecule 2-18). The reaction mixture was then placed in an oil bath at 50 °C, 
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Mechanical stirring of the solution was avoided to prevent fibre damage occurring, 
thus it was hoped convection current would keep the solution in motion. The alkyl 
amine terminating the oxyethylene chain remained protected by the Boc-group 
during this step to negate any side reactions or interference caused from the alkyl 
amine during the in situ diazotization. The tert-butoxycarbonyl (Boc) protecting 
group is a suitable choice, as it is stable under a range of conditions (oxidation, 
reduction, bases etc.), though is easily removed with acid (treatment 2 in the next 
step). 
 
After completion of the reaction, the reaction solution was decanted followed by 
re-suspension of the fibres and manual agitation in chloroform. The chloroform 
was then decanted and the procedure repeated until the solution was clear. The 
fibres were then transferred to a Buchner funnel and rinsed with equal portions of 
dichloromethane, ethanol, and acetone (200 mL total) under vacuum filtration, 
followed by drying under reduced pressure for 24 hours to yield the functionalised 
products 2-19 at the various concentrations. The washing step is important to 
ensure non-covalently bound material is removed from the surface, leaving behind 
only material which is strongly attached to the surface.  
 
The functionalised samples 2-19 then were carried forward to the next step, 
treatment 2 (Scheme 3-3). To begin treatment 2, functionalised sample 2-19 was 
placed in a 250 mL beaker and fully immersed in a 2 M solution of HCl/1,4-dioxane. 
The fibres were left to react at room temperature for 24 hours, after which the 
HCl/1,4-dioxane solution was decanted and the fibres were washed with 3 portions 
of milli-Q water (150 mL). The fibres were then basified to give a neutral amine 
using 2 M NaOH/milli-Q water (3 × 20 mL) by manually agitating the fibres in 
solution, allowing them to sit ten minutes to allow the reaction to proceed, before 
decanting and repeating. The base was then removed by rinsing the fibres with 
portions of mili-Q water (5 × 50 mL), before transferring the fibres to a Buchner 
funnel and rinsing them with acetone (150 mL) under vacuum filtration. The 
deprotected samples 2-21 were then dried under reduced pressure for 24 hours. 
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Scheme 3-3 Treatment 2 - deprotection of functionalised product 2-19 to give 
deprotected sample 2-21 
 
3.4 Chemical Characterisation of the Treated Fibres (XPS) 
 
As discussed in the literature review (Chapter 2, section 2.7.1), XPS is commonly 
used for the chemical characterisation of carbon fibres. Analysis via XPS can 
provide qualitative and quantitative information about the atomic species and 
their concentration relative to carbon present on the surface.63 However due to 
the heterogeneous and complex surface of carbon fibre,144 analysis of this surface 
is only semi-quantitative, so used as a guide only. Atomic ratios can be calculated 
from survey spectra to identify which compounds are present and in which 
amounts on the sample surface. Therefore, XPS can be used to determine the 
success of molecular grafting as well as a semi-quantitative measure of the level of 
surface grafting. Here, values quoted for a given element are relative to carbon 
(X:C ratios). 
 
XPS sample analysis was undertaken by Dr Thomas Gengenbach at CSIRO Clayton 
and I assisted in the interpretation of the data presented in the following figures. 
To begin, survey scans were performed on each of the samples (unsized oxidised 
control and deprotected samples) to determine the elements present on the 
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Figure 3-2 200% treated sample XPS survey scan 
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These data were then processed to determine atomic ratios as presented in Table 
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Aside from the expected carbon, nitrogen and oxygen elements which were 
detected on the surfaces of the fibres, other smaller traces of elements such as 
sodium, zinc, calcium, silicone, sulphur and chlorine were detected. Some of these 
elements (sodium, sulphur, calcium and silicone) were present on the oxidised 
control fibres, indicating that these were contaminants already present from the 
carbon fibre production. Though, zinc and chlorine are apparent following the 
surface grafting treatment. These elements are present in such small amounts, so 
are only very minor contaminants and are unlikely to play a role in interface 
phenomena. Most importantly, the presence of fluorine from the trifluoromethyl 
(CF3) group on the linker molecule was definitely apparent for each of the treated 
samples. Interestingly, the relative quantity of fluorine detected on the fibre 
surface was similar across each of the different treatment concentrations, 
suggesting a comparable quantity of linker grafted. From previous experience, the 
Henderson research group has found that non-native elements such as fluorine or 
functional groups with distinct shifts in eV (such as NO2) are reliable for analysis of 
the fibre surface. In contrast, O 1s, N 1s and C 1s spectra do not provide extra 
insight into small quantities of new molecules on the surface as these signals 
already consist of high concentrations of carbon, nitrogen and oxygen from the 
manufactured carbon fibre itself. High resolution spectra, O 1s, N 1s and C 1s, are 
shown below for the treated samples (Figure 3-3 – 3-6). 
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Figure 3-3 C 1s high resolution XPS spectra of the deprotected samples at the 




Figure 3-4 N 1s high resolution XPS spectra of the deprotected samples at the 
various concentrations (25%–200%) 2-21 
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Figure 3-5 O 1s high resolution XPS spectra of the deprotected samples at the 
various concentrations (25%–200%) 2-21 
 
On the other hand, the high resolution fluorine spectra illustrate distinctive 
changes in the fluorine detected. As can be seen from Figure 3-6, the untreated 
sample has no detectable fluorine signal at 688 eV, whereas all treated samples 
have a clearly visible peak corresponding to the trifluoromethyl group attributed 
to the presence of the proposed grafted linker molecule.  
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Figure 3-6 F 1s high resolution XPS spectra of the deprotected samples at the 
various concentrations (25%–200%) 2-21 
 
3.5 Physical characterisation of the treated fibres 
 
With the XPS results consistent with successful surface grafting, the focus shifted 
to physical characterisation of the treated fibres. For a surface treatment to be 
considered practical, it is important that the treatment does not negatively impact 
important performance properties such as tensile strength, elastic modulus 
(stiffness) and linear density. Each of these properties were tested using Favimat+ 
Robot 2 single fibre tester (Textechno H. Stein). To determine whether the 
collected data were statistically significant, a two-sample t-test, assuming equal 
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3.5.1 Single fibre tensile and linear density 
 
Tensile strength is a vitally important property in individual filament as well as fibre 
reinforced composite performance. The tensile strength of the fibre is the 
maximum pulling force the fibre can withstand before it breaks. This data can be 
determined using the Favimat+ which automatically records linear density and 
force extension data for individual fibres loaded into a magazine (25 samples) 
(Figure 3-7). To ensure samples straight as they were loaded into the spring loaded 











Figure 3-7 Favimat+ testing section (left), and storage unit with magazines and 
transfer clamp (right) which takes fibre from the storage unit and delivers them 
to the Favimat+ testing section 
Transfer clamp 
Magazine, fibres & pretension weights Testing section 
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To ensure that the evaluated tensile strength would be representative for each 
sample, 75 individual fibres from each sample were tested (three magazines, 25 
samples per magazine). Fibres were handled with care to prevent contamination 
and damage and ensure the results reflected the treatment. Each sample was 
measured with the same parameters, as determined from the ASTM standard145 
and manufacturer recommendations. The linear density of the fibre is its mass per 
unit length, whereas the mass density is the fibres mass per unit volume. For 
carbon fibre from the same sample, mass density is constant but linear density will 
vary depending on fibre diameter and fibre diameter can vary within the same 
sample.146 Linear density was recorded using a gauge length of 25 mm, a tension 
of 1.6 cN/tex (nominal linear density of 0.71 dtex) and test speed of 1 mm/min 
(reported in units of tex where 1 tex equals 1g/km). Tensile load-extension curves 
were collected at 2 mm/min using the same guage length and a pretension of 0.5 
cN/tex (mass density 1.8 g/cm3 as per supplier specifications). Load data was 
normalised using the linear density to give specific stress strain curves from which 
ultimate specific strength or tenacity and specific modulus could be determined. 
This results in the final tenacity value generated being standardised against the 
density, to negate any tensile effects that occur as a result of high or low relative 
fibre density. The mean values of tenacity and modulus were determined and the 
data sets were processed using a two tailed t-test to determine if there were any 
statistical differences (95% confidence, P < 0.05) between the treated samples and 
the control fibre. The results are summarised in the following Figure 3-8.  
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Figure 3-8 Average tenacity of single fibres assessed for each of the untreated 
and treated samples ± standard error. Statistically significant data denoted by * 
 
The only treatment which showed evidence of detrimental effects to tenacity of 
the fibres was when the standard concentration was doubled (Figure 3-8, 200%). 
The reason for this significant decrease in tenacity was thought to be due to the 
large amount of reagent present at this concentration, which is double that of the 
standard previously used. Other concentrations showed no negative impact on 
tensile strength, all being statistically similar to the untreated fibres. 
 
3.5.2 Weibull statistical analysis 
 
To gain a better understanding of the fibre tensile performance, the tensile data 
can be subjected to Weibull statistical analysis. Carbon fibres exhibit brittle failure 
under strain and failure is dependent on the distribution of flaws in the fibre i.e. 
the fibre will fail at the weakest point. The random distribution of flaws along the 
fibre length can result in different tensile strength with varying the gauge length. 
For example, longer fibres may be weaker due to higher chance of the sample 
length containing flaws.147 The failure of carbon fibres has been well documented 
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and the distribution of carbon fibre tensile strengths is usually described by the 
weakest link model.73 Previous analysis of carbon fibres has consistently shown the 
data closely follow the Weibull distribution, indicating the applicability of the 
method.125, 148, 149  
 
To process data using Weibull statistics, the individual tenacity values (from section 
3.5.1) for each data set must be ranked in order from the smallest to the largest 
value. The raw data can be processed using the two-parameter Weibull probability 
(P) Equation 2-1 to negate any physical limitations:73, 147 
 
𝑃𝑃(𝜎𝜎) = 1 − 𝑒𝑒−� 𝜎𝜎𝜎𝜎0�𝑚𝑚    Equation 2-1 
 
Where P is the cumulative probability of failure of a filament at the applied stress 
σ. The Weibull distribution is characterized by the shape parameter m or data 
spread (where larger m value represents smaller spread in the data) and the scale 
parameter σ0 or characteristic strength.73 P is determined at each point using the 
median rank method (Equation 3-1): 
 
𝑃𝑃 =  𝑖𝑖−0.3
𝑙𝑙+0.4    Equation 3-1 
 
Where n = no. of samples and i is the rank. The ranked tensile data were plotted 
against their P values, alongside a standard curve from which tensile values have 
been allocated (from 0 to 5000 in increments of 5), along with their exact P values. 
The importance of stacking these plots is to visualise an overlap between the two; 
if the data follow a Weibull distribution, the tensile curve should both overlap and 
follow the shape of the probability function, which was seen to be the case for each 
sample. A representative Weibull distributions is shown below in Figure 3-9 
(remaining samples are provided in Appendix 12.1, section 12.1.2). The results 
highlight that each data set fits a Weibull distribution and as such, it can be 
assumed that Weibull analysis is appropriate for this fibre type. 
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Figure 3-9 Weibull distribution of 25% treated fibres. The results highlight that 
the data set fits a Weibull distribution 
 
Once a definite Weibull distribution had been confirmed for the data set, a second 
graph was plotted. This is achieved by rearrangement of Equation 2-1 to give the 
values ln(σ) (tensile strength) vs. ln(-ln(1-P)). By applying a line of best fit (and 
omitting any outliers), the r2 value, y-intercept and slope could be determined. The 
slope of the graph is equal to the Weibull modulus m and the characteristic 
strength σ0 could be calculated from the y-intercept and m values. The resulting 
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Figure 3-10 Linear regression plots of tensile data 
 
The average tensile strength values as measured using the Favimat are compared 
to the characteristic strengths σ0 obtained using Weibull analysis Table 3-2 below. 
Weibull modulus m and correlation r2 (how well the data fit the linear fit line) are 
also shown in the table. 
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R² = 0.9837




















y = 4.4276x - 24.062
R² = 0.9837
y = 5.5173x - 29.952
R² = 0.9869




















Chapter 3: A Study of Carbon Fibre Surface Grafting via in situ Diazonium 




Table 3-2 Weibull data calculated using tensile strength data and compared with 













Untreated 6.67 2.42 0.994 2.24 
25% 5.89 2.31 0.984 2.15 
50% 5.52 2.28 0.987 2.10 
75% 4.49 2.29 0.985 2.09 
100% 6.08 2.34 0.989 2.17 
200% 4.57 2.08 0.984 1.93 
 
The characteristic strengths from Weibull analysis were very close to those 
measured by Favimat. The r2 values for each sample were consistently >0.98 
indicating the data to be an excellent fit to the Weibull distribution. The same 
trends from the tensile experimental data (1.93 for the 200% sample to 2.24 N/tex 
for the untreated fibres) were reflected in the characteristic strengths calculated 
(2.08 for the 200% sample to 2.42 N/tex for the untreated fibres). Not only did the 
analysis achieve good representation of the experimentally measured data, but the 
shape parameter m which describes the spread in the data, was relatively 
consistent among all treatments. This suggests that the chemical treatment used, 
regardless of concentration, did not change the distribution of flaws along the 
fibre. 
 
3.5.3 Fibre elastic modulus 
 
Unlike Weibull modulus which is a statistical value describing data spread, fibre 
elastic modulus (Young’s modulus) is a physical parameter which describes the 
stiffness if a material under tensile load. The stiffness of individual fibres is a highly 
desirable property of carbon fibres and therefore composite performance, as high 
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modulus carbon fibre is used for specialist high performance materials (e.g. 
aerospace).11 Utilising the specific stress/strain data collected from tensile analysis, 
the elastic modulus of 75 individual fibres from each chemical treatment were 
collected. Determination of the modulus results showed an interesting trend 
(Figure 3-11). The initial modulus of the untreated control fibres was 129.31 N/tex, 
after treatment at 25% there was no change in performance (128.98 N/tex). After 
treatment at both 50% and 75% concentrations the modulus showed a statistical 
increase to 131.18 and 130.73 N/tex respectively. Finally treatment at 100% 
showed a decrease in modulus to 127.07 N/tex, while 200% resulted in no change 
(128.00 N/tex). These results do not appear to follow any clear trends and so the 
reason for these variations in moduli remain unknown. Nevertheless, these 




Figure 3-11 Average elastic modulus of single fibres assessed for each of the 
untreated and treated samples ± standard error. Statistically significant data 
denoted by * 
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In summary, physical characterisation of the fibres showed that, with the exception 
of the 200% treatment and to a lesser extent the 100% treatment, the fibres 
tenacity and modulus were generally unaffected. 
 
3.5.4 Coefficient of friction of functionalised fibre 
 
With these data in hand, other aspects of fibre properties were then considered. 
The Favimat+ is also capable of measuring the coefficient of friction (CoF) of 
individual fibres by measuring the force needed to move stainless steel pins along 
the fibre. Each individual fibre measurement was taken by first clamping the fibre 
at the top, followed by adjustment of the three-pronged friction clamp (polished 
stainless steel) to a starting gauge length of 5 mm and pretension of 0.08 cN/tex. 
Coefficient of friction data were then collected as the clamp moved along the fibre 
at a speed of 20 mm/min, to a final gauge length of 25 mm. To aid in determining 
any changes which result from functionalisation, fibre controls were included in 
the analysis. From the previous work by Servinis et al.125 it was also noted that the 
coefficient of friction typically increases with statistical significance following 
successful surface grafting.  Furthermore, the magnitude of this increase is a 
general indication of the extent of surface grafting.125, 148, 149 Consistent with these 
previous observations, the coefficient of friction for each of the treated samples 
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Figure 3-12 Average coefficient of friction of single fibres assessed for each of the 
untreated and treated samples ± standard error. Statistically significant data 
denoted by * 
 
Additionally, the magnitude of this increase was similar for each of the treated fibre 
samples. Comparing these results with the fluorine ratios detected on the fibre 
surface by XPS analysis, the data were consistent with the XPS data suggesting a 
similar degree of surface grafting across multiple concentrations investigated. 
 
3.6 Analysis of fibre surface roughness and topography: 
atomic force microscopy (AFM) 
 
In addition to fibre performance, it was important to understand the effects of the 
treatment on fibre morphology and topography. Many publications have described 
physical changes which occur to the fibre surface such as roughening as a result of 
chemical deposition or damage that can occur as a result of chemical treatments, 
which manifest in the form of pitting and degradation of the fibre surface.126 As 
such, analysis of the microscale surface structure was conducted using atomic 
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force microscopy (AFM) to gain visual and quantitative information regarding 
changes to surface roughness. 
 
3.6.1 Surface topography 
 
Images of the fibre surface were recorded at three different positions on each 
fibre, repeated on three individual fibres from each sample, 3 × 3 μm2 (9 images in 
total), using a silicon nitride probe with a spring constant of 0.12 N in contact mode. 
One representative image for each sample was selected (Figure 3-13); the 
remaining images can be found in Appendix 12.1, section12.1.3. When visualising 
the images alongside the untreated fibre image, all images appeared to be very 
similar, with no obvious changes to surface roughness or pitting introduced by the 
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Figure 3-13 Representative topographical images for each concentration 
 
3.6.2 Surface and Longitudinal Roughness 
 
Surface roughness was calculated using nine 1 × 1 μm2 images from each sample 
(to minimise the effect of fibre corrugations and curvature in analysis), followed by 
processing using a second order flattening function to remove curvature from the 
resulting calculations (using NanoScope software). The surface roughness was 
quantified by route mean square roughness (Rrms), which represents the standard 
deviation of the z values (height) within a given area (1 × 1 μm2). Analysis of these 
data revealed large variations between fibres of the same sample (highlighting the 
heterogeneity of the fibres from production), but there were no statistically 
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Figure 3-14 Average surface roughness Rms of single fibres assessed for each of 
the untreated and treated samples ± standard error 
 
The longitudinal surface roughness was quantified by route mean square 
roughness (Rrms), which represents the standard deviation of the z values (height) 
between two chosen points (parallel to the fibre striations to avoid issues with fibre 
curvature) on a 1 × 1 μm2 image (Figure 3-15). 
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Figure 3-15 Measuring longitudinal surface roughness between two chosen 
points on a 1 × 1 μm2 image. The green line shows the section chosen between 
two points, parallel to the natural surface striation 
 
Analysis of the longitudinal roughness revealed an interesting trend (Figure 3-16). 
The treatment at 25% showed a statistical increase in roughness from 19.9 nm for 
the untreated fibres, to 22.4 nm. No change in roughness was detected for the 
fibres treated at 50% and 75% concentrations (20.0 and 19.2 nm respectively), 
there was a statistical decrease in roughness after treatment at 100% and 200% 
(16.2 and 17.3 nm respectively). 
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Figure 3-16 Average Longitudinal Rrms roughness of single fibres assessed for each 
of the untreated and treated samples ± standard error. Statistically significant 
data denoted by * 
 
Even with the subtle changes detected in surface roughness, representative images 
showed no obvious damage or pitting as a result of the chemical treatment. 
 
With the characterisation of the individual fibres complete, the next step was to 
evaluate the interactions at the fibre matrix interface for each sample, as a result 
of the functionalisation in a simple composite system. 
 
3.7 Single Fibre Fragmentation and determination of IFSS 
 
Quantitative measurement of the adhesion between fibre and surrounding 
polymer matrix using different micromechanical methods has been discussed in 
the literature review (Chapter 2, section 2.7.5). The single fibre fragmentation test 
(SFFT) was chosen for this project and is one of the most popular methods to 
evaluate bonding characteristics between fibre and matrix on the microscale.79  
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3.7.1 Background of the single fibre fragmentation test (SFFT) 
 
The SFFT was derived from original research by Kelly and Tyson who used the test 
on tungsten filaments in a copper matrix, so the test is appropriate for brittle fibres 
in a ductile matrix system such as carbon fibres in polymer resin.58 Methodology 
has been developed by Feih et al. which outlines a reliable and reproducible 
approach to preparation and analysis of the fibre-matrix interface using SFFT.79 
These methodologies have become standard practices within the Henderson 
research group. Each test specimen for the SFFT consists of one fibre encapsulated 
in a polymer matrix. The specimen normally has a dogbone shape. Applying tension 
to the specimen in the direction of the fibre causes the polymer to elongate and 
the fibre to fragment at locations where the fibres axial strain reaches its tensile 
strength. When the fibre breaks, the tensile stress at the location of the fracture 
becomes zero. Because of the constant shear of the matrix, the tensile stress on 
the fibre increases linearly from the ends to a plateau in the middle for longer 
fragments (Figure 2-30, Chapter 2, section 2.7.5). The higher the axial strain, the 
more the fibre will fragment. In general, when comparing two samples, smaller 
fragments are indicative of higher IFSS, though other measures (Weibull, tensile 
strength etc.) heavily influence this. At some point the number of fragments will 
become constant when the fragment length is too short to transfer enough 
stresses into the fibre to cause breakage: fragment length saturation must occur 
before matrix failure. For this to happen, the resin system must have a sufficiently 
higher (3 times higher) strain-to-failure than the fibre. The experiment is complete 
when fragment length saturation (when the fibre stops fragmenting) is reached. 
This fragmentation process may be monitored in situ with a polarised light 
microscope. Stronger fibre-matrix adhesion results in smaller fragment lengths due 
to the improved ability of the resin to transfer load to the fibre.79 Ultimately the 
average fragment length at saturation is directly linked to the interfacial shear 
strength and the strength of the fibre. 
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From the average fragment length l, the critical fragment length lc can be calculated 
(Equation 2-3). This value takes into consideration the fibre length required to 
introduce enough stress for the fibre to break.  
 
𝜏𝜏𝑐𝑐 =  43 𝜏𝜏     Equation 2-3 
 
After the critical fragment length has been calculated, the characteristic strength 
σ0, Weibull modulus m (determined from Weibull analysis), and gauge length L0 
(the gauge length at which tensile data were collected) are then used to calculate 
the fibre strength at critical length σf (Equation 2-4), which is the strength of the 
fibre when fragmentation has reached saturation. 
 
𝜎𝜎𝑓𝑓 =  𝜎𝜎0  �𝐿𝐿0𝑙𝑙𝑐𝑐�1 𝑚𝑚�      Equation 2-4  
 
Note: σ0 and m from Weibull calculations. L0 = 25mm from instrument 
 
Using these data, shear strength at the interface (τIFSS) is estimated from the Kelly-
Tyson Model (Equation 2-5), where σf is the fibre strength at critical fragment 
length, df is the fibre diameter (average diameter of 7 µm as specified by the fibre 
supplier and determined from Favimat +). 
 
𝜏𝜏𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆 =  𝜎𝜎𝑓𝑓𝑑𝑑𝑓𝑓2𝑙𝑙𝑐𝑐      Equation 2-5 
 
Further, birefringence patterns may be observed under optical microscope with 
polarised light, providing further evidence of the level of fibre-matrix adhesion 
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3.7.2 Preparation of Single Fibre Composites 
 
A silicone mould was prepared from a master mould (Chapter 11, section 11.1.8). 
One individual carbon fibre was placed along the centre of each of the six dogbone 
shaped wells, with 350 mg pretension weights on either end of the fibres to ensure 
the fibres remained straight and taut within the composite. Once the fibres were 
suspended across the mould, MomentiveTM epoxy resin RIMR935 was prepared by 
mixing with amine hardener RIMH937 (in a 10:4 w/w ratio as recommended by the 
manufacturer) vigorously with a magnetic stirrer bar for 30 minutes, followed by 
degassing under reduced pressure to remove all bubbles (voids), for 10 minutes. 
The resin was then poured into the wells, fully immersing the fibres. The 
composites were then pre-cured at room temperature for 48 hours, followed by 
post-cure at 100 °C for 16 hours. After this time, the samples were removed from 
the mould (Figure 3-17, left), ground and polished to the desired dimensions (25 
mm × 5 mm × 2 mm) and transparency (Figure 3-17, right).  
 
     
 
Figure 3-17 Sample before grinding and polishing (left) and after (right) 
 
The procedure was repeated until at least five samples for each treatment 
(including the untreated control sample) had been prepared, to give a 
representative result. The next step was to test these composite coupons by 
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3.7.3 Fragmentation Testing 
 
The samples were extended to failure to ensure maximum fragmentation within 
the sample, using a tensile tester (Instron 5967, Instron Pty Ltd, USA) fitted with a 
30 kN load cell. Each coupon was mounted vertically in the test rig and clamped at 




Figure 3-18 Sample mounted vertically in Instron tester 
 
Each fragmentation test was monitored real time using a digital 
microscope/camera (AD-4113ZT Dino-Lite, AnMo Electronics Co. Taiwan), and the 
fragments measured using a calibrated optical microscope (Olympus BX51M 
(Japan) equipped with Olympus DP70), images were processed using Olympus 
Steam image software. The microscope was placed against the sample, with a 
white cap on the opposite side of the composite to provide contrast so that the 
very fine black fibre could be seen after focussing. Strain was then applied to the 
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coupon parallel to the fibre direction using the tensile tester at a crosshead speed 
of 0.05 mm/min, while monitoring the fragmentation process in situ using the 
microscope coupled with a recording device. The sample was elongated to a 
minimum of 8% of the total gauge length to ensure fragment size saturation (30 to 
60 minutes), which was often followed by matrix failure. The samples were then 
collected for further analysis.  
 
3.7.4 Analysis of the samples using microscopy and IFSS 
calculations 
 
After the samples had been fragmented, the composites were visualised ex situ 
using an optical microscope (High Resolution Olympus DP70, Olympus Melville NY) 
equipped with a polarising lens. A combination of polarised light and dark-field 
microscopy was used to highlight small gaps between fragments (as the resin can 
return to its original length and retract the fragments back together). 
Representative images from 5 × to 20 × magnification were collected for each 
sample. While all samples were analysed, only fibres treated at 25% are presented 
here as the results were found to be similar (all images are presented in Appendix 
12.1, section 12.1.4). When comparing the images between the untreated (Figure 
3-19 a) and 25% treated fibres (Figure 3-19 b), the untreated sample shows a 
distinct de-bonding phenomenon at the point of fibre breakage, implying poor 
bonding as the fibre is free to slide through the resin sheath. Conversely, after fibre 
treatment, the incidence of de-bonding is much less apparent and instead the 
birefringence patterns around the fibre break are more indicative of stronger 
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Figure 3-19 Optical microscope images of a) oxidised untreated fibre SFFT coupon 
and b) 25% treated fibre SFFT coupon at 10× magnification 
 
The fragment lengths were measured and counted. Statistical analysis revealed 
significantly smaller fragments for each of the concentrations investigated in the 




Figure 3-20 Average fragment length of single fibres assessed for each of the 
untreated and treated samples ± standard error. Statistically significant data 
denoted by * 
 
While reduced fragment size does suggest improved fibre-matrix adhesion, other 
factors must also be accounted for because the final fragment size also depends 
b) 
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on the strength of the fibre and spread of failure properties. To take these factors 
into account, the fragment size data, along with Weibull parameters derived from 
linear strength measurements (section 3.5.1 & 3.5.2), were then processed 
according to the Kelly-Tyson model (Equations 2-3 – 2-5).58 Alternative analysis 
methods to Weibull analysis are known, however this analysis is suitable for our 
work here and is consistent with previous work done within the Henderson 
research group.125, 150, 151 
 
To get a quantitative measure of the interfacial adhesion and take into account the 
fibre strength, the IFSS is calculated using Equation 2-5 as described in the 
experimental methodology (Chapter 11, section 11.1.8). 
  
Worked example for 25% concentration: 
 
Step 1 calculate critical fragment length lc using average fragment length l (from 
SFFT) 
 
𝜏𝜏𝑐𝑐 =  43 𝜏𝜏     Equation 2-3 
 
𝜏𝜏𝑐𝑐 =  43 (0.466 𝑚𝑚𝑚𝑚) 
= 0.621 mm 
 
Step 2 calculate the fibre strength at critical length σf using characteristic strength 
σ0, Weibull modulus m, and gauge length L0 (calculated from tensile data) 
 
 
𝜎𝜎𝑓𝑓 =  𝜎𝜎0  �𝐿𝐿0𝑙𝑙𝑐𝑐�1 𝑚𝑚�      Equation 2-4  
 
𝜎𝜎𝑓𝑓 =  231.40 cN/tex � 25 mm0.621 mm�1 5.88�  
l = 0.466 mm 
 
σ0 = 231.40 cN/tex 
Lo = 25 mm 
lc = 0.621 mm 
m = 5.88 
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= 433.87 cN/tex 
 
Step 3 calculate τIFSS using the calculated critical fragment length lc (step 1 above) 
fibre strength at critical length σf (step 2 above) and the fibre diameter df (average 
diameter of 7 µm from Favimat+) 
 
𝜏𝜏𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆 =  𝜎𝜎𝑓𝑓𝑑𝑑𝑓𝑓2𝑙𝑙𝑐𝑐      Equation 2-5 
 
𝜏𝜏𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆 =  �433.87 cNtex� × (7 µm)2(0.621 𝑚𝑚𝑚𝑚)  
= 2.44 cN/tex 
 
A summary of the average values calculated from Weibull and SFF analysis for the 
control and deprotected samples at the specified concentrations are shown below 

















σf = 433.87 cN/tex 
lc = 0.621 mm 
df = 7 µm 
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Following treatment as expected IFSS increased significantly relative to the control, 
however there was no significant difference in IFSS between the highest and lowest 




Figure 3-21 Average IFSS of single fibres assessed for each of the untreated and 
treated samples ± standard error. Statistically significant data denoted by * 
 
Closer inspection of the data showed that while the sample treated at 25% had the 
smallest average IFSS of all the treated samples (2.45 N/tex, 28% increase relative 
to untreated fibres ±2%), the spread in the data was much smaller than that of any 
other sample. 
 
3.8 Chapter Summary 
 
The study revealed that reagent concentration used for surface grafting could be 
dramatically reduced (to 25% of the previous concentration) without major loss in 
the ultimate interfacial shear strength. Interfacial shear strength gives an 
indication of the level of functionalisation on the surface and there was no 
significant difference in IFSS between the concentrations. Therefore it may be 
Chapter 3: A Study of Carbon Fibre Surface Grafting via in situ Diazonium 




concluded that by using different concentrations of reagent, the same level of 
surface functionalisation is achieved, as suggested also by XPS results. Less product 
is therefore required to achieve the same result in improved interfacial shear 
strength. However, using 200% of the original concentration had a negative effect 
on the tensile strength. Using 25% of the original concentration, up to four-times 
as much fibre can now be treated using with the original amount of reagent. This 
will facilitate the generation of larger quantities of surface modified fibre for 
testing composites. 
 
Overall, the study had been successful in showing improved scalability by 
decreasing reagent concentration. In this current chapter, linker molecule 
concentration was investigated and in the proceeding chapter, linker molecule 
design will be explored. 
 
The work described in this chapter has been reported in the following publication: 
K. M. Beggs, L. Servinis, T. R. Gengenbach, M. G. Huson, B. L. Fox, L. C. Henderson, 
A systematic study of carbon fibre surface grafting via in situ diazonium generation 
for improved interfacial shear strength in epoxy matrix composites. Compos. Sci. 
Technol. 118, 31-38 (2015).
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4 The Design, Synthesis and Evaluation of Carbon 
Fibre to Epoxy Linking Molecules 
 
From optimising linker concentration to optimising linker design, Chapter 4 looks 
at how linker molecule architecture can affect IFSS performance. Design, synthesis 
and grafting of the new linkers is covered before the performance of each 
composite sample is evaluated experimentally. Outcomes from complementary 
MD simulations carried out by collaborators Baris Demir and Tiffany Walsh are also 
presented. 
 
4.1 Linker Design 
 
In the previous chapter, an attempt to increase the number of reactive amines on 
the surface showed that the concentration of reagents used in the grafting process 
had minimal impact on the resulting total amount of grafted material. Therefore, 
a means to increase the ‘effective’ concentration of grafted molecules on the 
surface by providing several reactive amines per attachment point was devised 
(Figure 4-1). It was hypothesised that an increase in the surface density of reactive 
amines could result in an increase in IFSS as more points of attachment between 
fibre and resin would occur. To validate this, samples of multiple-arm linker 4-1 
would be prepared and compared to single-arm meta linker 4-2. At the same time, 
an additional linker, single-arm para 4-3, was designed and included in the study 
to investigate the effect of orientation relative to the fibre surface (4-2 vs. 4-3). Up 
until this point, the molecular design and orientation of the linker molecule and its 
effect on fibre-matrix adhesion has not been explored.  
 





Figure 4-1 Molecular structures of the three surface grafted amine molecules 4-1, 
4-2 and 4-3 
 
This experimental study was complemented by work undertaken in collaboration 
with Baris Demir and Prof Tiffany Walsh at Deakin University who carried out 
molecular dynamics (MD) simulations (Figure 4-2). Molecular-level details that can 
reveal why a particular carbon fibre surface treatment is successful for a given 
fibre/matrix combination is challenging to accomplish via experimental 
approaches alone. Thus, MD simulations can bring complementary insights to help 
guide the design of new, functionalised carbon fibre interfaces. The development 
of these in silico capabilities which could accurately model and predict 
performance of these materials as a screening methodology would help streamline 
the labour-intensive experimental evaluation process. This capability would serve 



































Figure 4-2 Diagram showing multiple arm linker study overview: experimental 
and MD simulation 
 
However, experimental observations of IFSS incorporate complex phenomena not 
captured using molecular simulation, e.g. macroscopic scale phenomena such as 
residual stress of the sample, plastic flow during deformation, and loading rate 
during fibre pull-out. Nevertheless, molecular simulations can qualitatively 
investigate one aspect of the IFSS; the molecular-level response of the fibre-matrix 
interface under shear via interfacial shear stress (ISS) predictions. So, while the 
experimentally measured IFSS values and the predicted ISS are not directly 
comparable, the trends between the two different systems are.152 
 
Recent work by Demir et al.152 used MD techniques to investigate carbon 
fibre/epoxy interfaces, modelled with the amine functionalised surface 2-21 
(Figure 4-3, left). In this MD study, Demir et al. showed that the formation of 
covalent cross-link bonds between the amine functionalised surface 2-21 and the 
epoxy matrix resulted in increased ISS relative to the control case where the 
formation of these interfacial bonds was deliberately supressed. Based on their 
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important design aspect to consider for the grafting linker in order to confer 
enhanced IFSS was conformation, in particular a conformation which is maximally 
extended (Figure 4-3 c).152 
 
     
 
Figure 4-3 Amine functionalised surface 2-21 (left) and conformational 
preferences of the surface grafted molecules (right), where maximal extension is 
shown in c)152 
 
Thus, in order to explore the effect of linker conformation on IFSS, samples of 
multiple-arm linker 4-1, single-arm meta linker 4-2 and single-arm para 4-3, were 
designed and included in the study to investigate the effect of orientation relative 
to the fibre surface (4-2 vs. 4-3). These samples were to be tested experimentally, 
in parallel Demir and Walsh would perform MD simulations for composite systems 
of each of these functionalised fibre samples and an unfunctionalised control. In 
this study, factors influencing enhanced IFSS, namely surface density of reactive 
amines and molecular architecture of the surface grafted linkers, were to be 
examined. The experimental results would be collected and compared to the MD 
simulation results. This chapter will focus on my contribution to the study, the 
experimental component, while a brief comparison between the experimental and 
MD simulation results will be given. The MD simulations of fibre pull-out for the 
three different functionalised fibre composite samples would give the predicted 
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investigate the trends with the given structures was undertaken. A comparison of 
experimental and simulation outcomes will be provided at the conclusion of this 
section. 
 
4.2 Synthesis of Linker Molecules and Attachment to Fibres 
 
Using the general methodology outlined below, three analogous molecules (4-4, 4-
5 and 4-6) were synthesised (Scheme 4-1), in good yield. The mono Boc-protected 
diamine 4-7 was reacted with the corresponding carboxylic acid (4-nitrobenzoic 
acid 4-8, 3-nitrobenzoic acid 4-9 and 4-nitroisophthalic acid 4-10 to give amides 4-
11, 4-12 and 4-13, respectively) in an amide coupling reaction for each linker. The 
nitro group was then reduced using catalytic hydrogenation to the corresponding 
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Target molecules 4-4, 4-5 and 4-6 comprise only carbon, nitrogen, oxygen and 
hydrogen. Consequently, using XPS analysis to support surface grafting would 
prove ambiguous due to the signal being swamped with C,N and O from the carbon 
fibre itself. Therefore fluorinated analogues of these compounds were synthesised 
which would be grafted to the surface and confirmed by XPS to ensure the 
methodology would be consistent for these scaffolds (Scheme 4-2). Each of the 
Boc-protected nitro compounds 4-11, 4-12 and 4-13, were deprotected to yield the 
free amine which was then reacted with trifluoroacetic anhydride to give 
fluorinated nitro analogues 4-15, 4-16 and 4-17 in good yield. The nitro group was 
then reduced using catalytic hydrogenation to the corresponding aniline, giving 
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These linker molecules (4-4, 4-5 and 4-6) and their corresponding fluorinated 
analogues (4-18, 4-19 and 4-20), possess an anilinic amine suitable for attachment 
to the surface of carbon fibre, using our established (thermally facilitated) grafting 
methodology as outlined in Chapter 3, section 3.3. The sample of amine 
functionalised fibres (4-1, 4-2 and 4-3, Figure 4-1) and their corresponding 
fluorinated analogues (4-21, 4-22 and 4-23, Figure 4-4) were then set aside for 




Figure 4-4 Molecular structures of the three surface grafted fluorinated 
analogues 4-21, 4-22 and 4-23 
 
4.3 Chemical Characterisation of the Treated Fibres Using XPS 
 
The trifluoroacetamide group on the fluorinated series 4-18, 4-19 and 4-20, should 
not alter the reactivity of the molecules, therefore the fluorinated linkers 4-21, 4-
22 and 4-23, would serve as suitable XPS detectable surrogates for linkers 4-4, 4-5 
and 4-6. Atomic ratio results for fluorinated meta 4-22, para 4-23 and double meta 
4-21 are shown below in Table 4-1. XPS of these surfaces was consistent with 
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Table 4-1 XPS analysis of untreated fibres and fluorinated analogues 4-21 – 4-23 
 
Sample: Control Meta 4-22 Para 4-23 Double meta 4-21  
Meana Dev.b Meana Dev.b Meana Dev.b Meana Dev.b 
C 1.000 0.000 1.000 0.000 1.000 0.000 1.000 0.000 
N 0.017 0.000 0.051 0.002 0.060 0.002 0.055 0.001 
O 0.012 0.000 0.071 0.001 0.100 0.001 0.089 0.002 
F 0.000 0.000 0.042 0.001 0.059 0.001 0.054 0.002 
a Atomic ratios are presented relative to carbon (X/C); b mean values (± deviation) of two 
measurements at different locations 
 
The high resolution XPS spectra N 1s peak revealed increases in signal relative to 




Figure 4-5 N 1s high resolution XPS spectra of the untreated fibres and 
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High resolution O 1s also revealed a similar trend, with para 4-23 signal increasing 
the least (Figure 4-6). While the grafted molecules would be expected to contribute 
to the N 1s and O 1s signals in the XPS spectrum, general increases in N 1s and O 
1s signals after wet chemical treatments are not uncommon. Also, natural variation 
between nitrogen and oxygen contents on the surface mean that as we have found 




Figure 4-6 O 1s high resolution XPS spectra of the untreated fibres and 
fluorinated analogues 4-21 – 4-23 
 
Shown below in Figure 4-7 is the high resolution F 1s spectra, revealing increases 
relative to the control and similar levels of grafting. 
 





Figure 4-7 F 1s high resolution XPS spectra of the untreated fibres and fluorinated 
analogues 4-21 – 4-23 
 
With chemical characterisation via XPS complete for the fluorinated analogue 
fibres 4-21, 4-22 and 4-23, physical characterisation of the amine functionalised 
fibres 4-1, 4-2 and 4-3 was then undertaken. 
 
4.4 Physical Characterisation of the Treated Fibres: Tensile, 
Elastic Modulus and Weibull Statistical Analysis 
 
Tensile strength of the fibres was not significantly affected by treatment, except 
for meta 4-2 where a statistically significant (P < 0.05) decrease of ~5% in the 
tensile strength was noted (Figure 4-8). The reason for this decrease remains 
unknown, as treatment was the same for each fibre sample, the only variation 
being linker design and this should not affect tensile strength. Nevertheless, the 
decrease was only very minor (~5%).  
 





Figure 4-8 Average tenacity of single fibres assessed for each of the untreated 
and treated samples ± standard error. Statistically significant data denoted by * 
 
Modulus also showed similar trends to the tensile strength; modulus of the fibres 
was not significantly affected by treatment, except for meta 4-2 where a 
statistically significant (P < 0.05) decrease (~2%) in the modulus was noted (Figure 
4-9). Again, the origin of this difference is unknown, although in our previous work 
it has been noted that modulus can vary without following any obvious trends, 
potentially due to the natural variation in the fibres within the tow. 
 





Figure 4-9 Average modulus of single fibres assessed for each of the untreated 
and treated samples ± standard error. Statistically significant data denoted by * 
 
Weibull analysis revealed that fibre strength correlated well to Weibull 




Figure 4-10 Linear regression plots of tensile data 
 
y = 10.84x - 14.165
R² = 0.9709
y = 9.37x - 12.297
R² = 0.9866
y = 13.498x - 17.182
R² = 0.9945
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 The characteristic strength values also correlated well to the measured tensile 
strength: from 3.86 to 3.62 for the untreated sample, 3.53 to 3.44 for meta 4-2, 
3.69 to 3.52 for para 4-3 and double meta 4-1 3.72 to 3.48, with a consistent 
decrease for the treated samples. Additionally, Weibull moduli increased for all the 
treated samples relative to the untreated sample, 12.64 (meta 4-2), 10.84 (para 4-
3), and 9.37 (double meta 4-1) to 9.33 (control). This suggests that while the 
treatment did introduce some minor defects to the surface, the treatment and the 
distribution of the defects was more homogenous than in the untreated fibres. The 
Weibull moduli for the meta 4-2 sample increased the most, and again as the only 
difference between this sample and the other two functionalised fibres was linker 
design, how this could affect the distribution of defects remains to be understood. 
 
Table 4-2 Weibull distributions of treated and untreated carbon fibres 
 
Sample Weibull modulus Characteristic 
strength GPa 
Correlation 
 m σ0 R2 
Untreated 9.33 3.86 0.97 
Meta 4-2 12.64 3.53 0.96 
Para 4-3 10.84 3.69 0.97 
Double meta 4-1 9.37 3.72 0.99 
 
4.5 Analysis of Fibre Topography: Scanning Electron 
Microscope (SEM) 
 
To analyse general surface features of the treated and untreated fibres, scanning 
electron microscopy (SEM) was used. While AFM and SEM both provide useful 
information regarding surface structure, SEM was chosen in this instance due to 
the convenience and access to a benchtop SEM. Electron microscope images of the 
fibres showed similar morphology between the untreated fibres (a) and those 
functionalised (b – d), with longitudinal striations visible (Figure 4-11). As observed 
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previously with the thermal grafting of similar linkers (Chapter 3, section 3.6.1), 






Figure 4-11 SEM images of a) untreated, b) meta 4-2, c) para 4-3 and d) double 
meta 4-1 functionalised fibres 
 
4.6 Analysis of Samples Using Microscopy and IFSS 
calculations 
 
Following characterisation of the single fibres themselves, the effect of the 
appended molecules on the adhesion at the fibre-matrix interface was examined 
via the single fibre fragmentation test (SFFT) as described previously (Chapter 3, 
section 3.7). Evaluation of interfacial adhesion was conducted by first making a 
single fibre composite, followed by stretching the sample along the fibre axis until 
fragment saturation was reached. Fragment lengths were measured revealing 
statistically significant decreases in fragment length for para 4-3 and double meta 
A B 
C D 
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4-1 (~18% and ~23% respectively), while there was no significant change observed 




Figure 4-12 Average fragment length of single fibres assessed for each of the 
untreated and treated samples ± standard error. Statistically significant data 
denoted by * 
 
While fragment size data suggested some early trends, the fragment size data, 
along with Weibull parameters derived from linear strength measurements 
(section 4.4), were then processed according to the Kelly-Tyson model and the 
interfacial shear strength (IFSS) calculated (Chapter 3, section 3.7) (Figure 4-13). 
 





Figure 4-13 Average IFSS of single fibres assessed for each of the untreated and 
treated samples ± standard error. Statistically significant data denoted by * 
 
The experimental results showed that grafting of the doubly-reactive molecule, 
double meta 4-1, conferred an increase in IFSS of 44.4 ± 2.0 MPa, from 34.4 ± 1.4 
MPa as determined for the untreated carbon fibre interface. This is also 
substantially more than the singly-reactive, meta 4-2 functionalised sample which 
actually showed a slight decrease in IFSS to 33.7 MPa, through this was not 
statistically significant (P > 0.05). Interestingly, the singly-reactive grafted 
molecule, para 4-3, resulted in an increase in IFSS to 38.9 ± 1.6 MPa. 
 
The results suggested that conformation and orientation were important (meta 4-
2 vs. para 4-3), as the meta 4-2 linker performed the most poorly. In this sample, 
the glycol chain is attached to the meta position on the aromatic ring, the linker 
arm would naturally be held in a position more parallel and closer to the fibre 
surface. With the linker in this conformation, the orientation of the terminal amine 
units would thus be closer to the fibre, and further from the resin which may have 
an effect on their ability to penetrate into the interphase. On the other hand, the 
para 4-3 linker where the glycol chain is attached to the para position on the 
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aromatic ring, the linker arm would naturally be held in a position more 
perpendicular and further from the fibre surface. With the linker in this 
conformation, the orientation of the terminal amine units would thus be further 
from the fibre, and penetrate deeper within the resin which may assist in shear 
force resistance. 
 
Furthermore, the results also indicated that there was a significant affect from 
having multiple reactive points per grafted molecule (meta 4-2 vs. double meta 4-
1), as there was a statistically significant difference in IFSS between single-arm 
linker meta 4-2 and the multiple-arm linker, double meta 4-1. It would be logical 
to hypothesise that having two reactive points instead of one would result in 
increased amounts of cross-linking at the interface, leading to enhanced IFSS. 
 
4.6.1 Outcomes from MD simulations of fibre pull-out 
 
This part of the work was completed by Baris Demir and Tiffany Walsh, not the 
author, it is included here for the purpose of discussing the outcomes of the study. 
The simulation results help us to identify underlying mechanisms for the 
experimentally observed IFSS results and in turn, the experimental results may be 
used to validate the simulation. The predicted ISS results are summarised below in 
Figure 4-14 and indicate that both para 4-3 and double meta 4-1 provide enhanced 
ISS over the meta 4-2 case. The predicted ISS trends were based on the change in 
total potential energy (PE) of the interfacial sample, calculated during MD 
simulations of fibre pull-out. The x-axis shows carbon fibre displacement during the 
simulated pull-out test, while the y-axis shows the calculated potential energy 
change as a function of the displacement. In the potential energy change, all bond 
angle, dihedral, etc. energy contributions as well as the van der Waals and 
Columbic contributions are considered, not only the contributions coming from the 
bonds between the functional group and the polymer matrix. One can consider 
that pulling the carbon fibre in the para 4-3 and double meta 4-1 cases requires 
more energy, which reflects stronger interactions at the interface, so the bigger 
the potential energy change is, the stronger the interactions at the interface. Thus, 
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the potential energy change is an indicator of how strong the interfacial 
interactions are. As the predicted ISS values will depend on the loading rate, trends 




Figure 4-14 Predicted ISS trends based on the change in total potential energy 
(PE) of the interfacial sample, calculated during MD simulations of fibre pull-out 
 
The simulated results showed that para 4-3 and double meta 4-1 performed the 
same. In our experimental results, there was no statistically significant difference 
(P > 0.05) between para 4-3 and double meta 4-1 samples, so these findings from 
simulation and experiment are in agreement. Furthermore, simulation showed 
that meta 4-2 performed the worst, in comparison to para 4-3 and double meta 4-
1. From our experimental results, meta 4-2 also performed the worst; there was a 
statistically significant difference between double meta 4-1 and meta 4-2 (P < 
0.05). In terms of the trends, the computational predictions were consistent with 
the experimental observations. In both cases, the double arm linker, double meta 
Meta 4-2 
Para 4-3 
Double meta 4-1 
4-3 
Untreated 
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4-1 and single arm linker, para 4-3, both achieved higher values than the other 
single arm linker, meta 4-2.  It is worth noting that simulation results showed 
drastic differences between meta 4-2 and bare surface, while the experimental 
results revealed no significant difference between the untreated surface and meta 
4-2. Since in the simulation all factors may be more easily controlled than in the 
experiment, the untreated surface (bare surface) results should be considered as 
ideal bare surface results. 
 
Previous work by Demir et al. observed that the confirmation of the surface grafted 
linkers, in the presence of the polymer, can have a strong influence on the resulting 
ISS.152 Following their previously published approach, Tiffany Walsh and Baris 
Demir characterised the interfacial confirmations of the surface grafted meta 4-2, 
para 4-3 and double meta 4-1 linkers. Their results indicated that para 4-3 
preferred to exist in a fully extended state, i.e. with the terminal amine at 
maximum distance from the fibre surface, while meta 4-2 and double meta 4-1 
linkers both preferred a fully-folded state, i.e. the terminal amine lying closer to 




Figure 4-15 Folded conformations are preferred for double meta 4-1 and meta 4-
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The prevalence for the meta samples to adopt this conformation was attributed 
directly to the meta-positions of the amine-terminated glycol chains on the 
aromatic ring. Based on their previously published findings, it was expected that 
for a fixed number of surface grafted amines, the linker molecule architecture that 
can support greater proportions of the maximally-extended conformations should 
result in greater values for IFSS and the findings of the current study supported this 
hypothesis: para > meta IFSS. Despite the surface grafted double meta 4-1 
suffering from propensity to the folded state which reduces IFSS relative to the 
maximally extended para 4-3, the double meta 4-1 interface offers almost double 
the number of cross-linked amine sites relative to the single arm para 4-3. Thus, 
these two effects may cancel each other out, resulting in similar IFSS performance 
between the two samples. 
 
4.7 Chapter Summary 
 
In summary, the study had been successful in revealing differences in interface 
performance based on linker architecture. MD simulations were carried out to 
identify the underlying mechanisms and the trends observed in the simulations 
were validated by the experimental results. The fact that the trends observed in 
the simulations were mirrored by the trends observed in the experimental results, 
indicate that MD simulations may be used to predict interface performance in 
composite materials, but still require validation. The results of both methods 
revealed ideal linker architecture would include both maximal conformational 
extension and a high density of amine sites available for cross-linking. 
 
Now that optimal grafting concentration had been realised (Chapter 3), and ideal 
linker architecture identified, the next goal was to focus on improving reaction 
times. Scale-up towards application in an industrial process was still not practical: 
the considerably long reaction times make high throughput surface grafting a 
major limitation. Consequently, optimising the reaction further became the topic 
of the next study, where focus was turned to decreasing reaction time. 
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The work described in this chapter has been reported in the following publication: 
B. Demir, K. M. Beggs, B. L. Fox, L. C. Henderson, T. R. Walsh, A predictive model of 
interfacial interactions between functionalised carbon fibre surfaces cross-linked 
with epoxy resin. Compos. Sci. Technol.  159, 127-134 (2018).
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5 Rapid Surface Functionalization of Carbon Fibres 
Using Microwave Irradiation in an Ionic Liquid 
 
Chapter 5 continues the theme of optimisation, this time reducing reaction time 
by employing microwave heating and ionic liquids as reaction media. Two grafting 
reactions were completed; microwave heating in ionic liquid and microwave 
heating in organic solvent to isolate the effect of microwave heating. The two 
samples were tested and compared (XPS, tensile, Weibull, scanning electron 
microscopy (SEM), and IFSS) along with an untreated control. 
 
5.1 Rapid Surface Functionalisation 
 
From the original study of in situ generated phenyl-diazo compounds to 
functionalise the surface of carbon fibre, very high concentration of the intended 
grafting molecule was used; 2 g of linker molecule 2-18 per 30 cm of carbon fibre 
tow (24 K filaments). Previously it was shown in Chapter 3 that fibres could be 
treated using only 25% of this original concentration (0.5 g of linker molecule 2-18 
per 30 cm tow) and the IFSS performance still equalled that of the fibres 
functionalised at the highest concentration. While this decrease in reagent 
concentration allowed for the more economical use of linker molecule 2-18, the 
attachment strategy still required the use of extended heating times making high 
throughput of surface grafting a major limitation and prohibited translation to an 
industrial setting. 
 
The next study, and the subject of this chapter, sought to affect surface 
functionalisation of carbon fibres using an energy economic strategy. This was 
achieved by using microwave heating in place of conventional heating. Microwave 
irradiation is now used quite routinely in academia and in industry to dramatically 
reduce reaction times.153 To add another dimension to the study, two solvents 
were compared for the microwave-assisted grafting reaction: an ionic liquid 1-
ethyl-3-methylimidazolium bis(trifluoromethyl) imide (emimTFSI) 5-1 and an 
organic solvent  1,2-dichlorobenzene (1,2-DCB) 5-2, used for our previous work. 
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Ideally, the treated fibres would possess similar key performance properties 
(tensile strength and modulus) while still showing excellent interfacial interaction 
characteristics. 
 
5.2 Microwave Heating 
 
This non-classical heating method was first described 20 years ago and has 
matured from a laboratory curiosity to an established technique.153 Microwave 
energy was originally applied for heating food before it became popular for heating 
chemical reactions.154  
 
5.2.1 Principles of microwave heating 
 
Microwave irradiation is electromagnetic irradiation in the frequency range 0.3 to 
300 GHz, corresponding to wavelengths between 1 mm to 1 m (Figure 5-1). All 
domestic kitchen microwave ovens as well as commercial microwave reactors for 
chemical synthesis operate at a frequency of 2.45 GHz, corresponding to a 
wavelength of 12.5 cm.154 The microwave band is widely used in 
telecommunications and so in order to avoid interference with these users, the 
wavelengths of industrial, research, medical and domestic equipment are 





Figure 5-1 The electromagnetic spectrum154 
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Microwave energy is too low to cleave molecular bonds, however it provides 
unique thermal effects which are highly beneficial for chemical synthesis.154 
Microwaves are electromagnetic waves that consist of an electric and a magnetic 
field component (Figure 5-2). It is the electric field component of the 
electromagnetic field that is important for wave-material interactions in 
microwave synthesis, however in some instances magnetic field interactions (e.g. 




Figure 5-2 Electric and magnetic field components in microwaves154 
 
Microwave chemistry is based on the efficient heating of materials (usually 
solvents) by dielectric heating effects. With dielectric heating, electric energy is 
converted into kinetic energy which is ultimately converted into heat. Dielectric 
heating works by two major mechanisms: dipolar polarisation and ionic 
conduction. For a substance to be able to generate heat when irradiated with 
microwaves it must have a dipole or a charge. With the dipolar polarisation heating 
mechanism, the electric component of the electromagnetic field is oscillating and 
the dipoles in the field align to the oscillating field. This alignment causes rotation, 
resulting in friction and heat. During ionic conduction, charged particles oscillate 
back and forth under the influence of the electric field. This oscillation causes 
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collisions of the charged particles with other neighbouring molecules or atoms, 






Figure 5-3 a) dipolar polarisation mechanism. Dipolar molecules try to align with 
an oscillating electric field, b) ionic conduction mechanism. Ions in solution will 
move in the electric field154 
 
Gases cannot be heated by microwave irradiation as the distance between the 
rotating molecules is too large. Solid materials such as glass are also microwave 
transparent, since the molecules are bound in the crystal lattice and cannot move 
as freely as in the liquid state. However, some solid materials such as silicon carbide 
are excellent microwave absorbers and heat very quickly as their electrons can 
move freely.154 
 
The heating characteristics of a particular material (e.g. solvent) under microwave 
irradiation are dependent on the ability of the material to convert electromagnetic 
energy into heat. This ability is determined by the loss tangent, tan δ.154 
 
𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿 =  𝜀𝜀′′
𝜀𝜀′
    Equation 5-1 
 
Where ε’’ is the dielectric loss, the efficiency with which electromagnetic radiation 
is converted into heat and ε’ is the dielectric constant, the polarizability of 
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molecules in the electric field. The tan δ values for some commonly used organic 
solvents are shown below in Table 5-1. The table shows the classification of 
solvents into high (tan δ > 0.5), medium (tan δ 0.1 – 0.5), and low microwave 
absorbing (tan δ < 0.1). Solvents without a dipole moment, such as benzene are 
more or less microwave transparent (tan δ < 0.01). A solvent with a high tan δ (≥ ~ 
0.5) is required for rapid heating under microwave irradiation.154 
 
Table 1 Loss tangents (tan δ) of different solvents (2.45 GHz, 20 °C)154 
 
Solvent tan δ Solvent tan δ 
Ethylene glycol 1.350 N,N-Dimethylformamide 0.161 
Ethanol 0.941 1,2-Dichloroethane 0.127 
Dimethylsulfoxide 0.825 Water 0.123 
2-Propanol 0.799 Chlorobenzene 0.101 
Formic acid 0.722 Chloroform 0.091 
Methanol 0.659 Acetonitrile 0.062 
Nitrobenzene 0.589 Ethyl acetate 0.059 
1-Butanol 0.571 Acetone 0.054 
2-Butanol 0.447 Tetrahydrofuran 0.047 
1,2-Dichlorobenzene 0.280 Dichloromethane 0.042 
1-Methyl-2-pyrrolidone 0.275 Toluene 0.040 
Acetic acid 0.174 Hexane 0.020 
 
Traditionally, organic synthesis is carried out by refluxing reactions using a hot oil 
bath as a heat source. Standard convection heating is comparatively slow and 
energy inefficient, relative to microwave irradiation as the heat energy must be 
transferred from the hot oil bath to the surface of the reaction vessel and then the 
hot surface heats the contents of the reaction vessel. The hot surface may lead to 
local overheating and decomposition of sensitive material. On the other hand, 
microwave irradiation results in energy efficient heating by direct coupling of 
microwave energy with dipoles and/or ions that are present in the reaction 
mixture. The microwaves pass through the microwave-transparent reaction vessel 
wall and heat the reaction mixture homogeneously by direct interaction with the 
molecules. This heats the reaction from the inside-out rather than conventional 
heating which heats from the outside-in. Also, the conversion of electromagnetic 
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energy into heat energy is highly efficient and results in extremely fast heating 






Figure 5-4 Differences between microwave and conventional heating: a) 
difference in temperature profiles, b) inverted temperature gradients153 
 
5.2.2 Chemical reactions 
 
Microwave heating using specially designed microwave reactors allow more 
efficient heating and reactions can be done under pressure (Figure 5-5). The result 
of microwave heating on chemical reactions is faster heating, higher temperatures, 
homogenous temperature distribution, faster reaction times, higher yields, cleaner 
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reaction profiles and greater energy efficiency.153 A quick SciFinder search of 
microwave assisted organic synthesis reveals over 1000 publications on the topic. 





Figure 5-5 Laboratory microwave reactor 
 
There have been some speculations about ‘non-thermal’ microwave effects. These 
‘non-thermal’ effects have been proposed to result from a direct interaction of the 
electric field with specific molecules or intermediates in the reaction. For example, 
it has been argued that the presence of an electric field can lower the activation 
energy for reactions with a polar mechanism, where the polarity is increased going 
from the ground state to the transition state. The topic of ‘non-thermal’ microwave 
effects is highly controversial.153 
 
In addition to heating chemical reactions, microwave irradiation has also been used 
to heat and cure composite materials. Vötsch Industrietechnik introduced what 
was said to be the world’s largest industrial microwave curing system, with a 
working chamber volume between 750 and 7000 litres (Figure 5-6). The system 
was designed to cure carbon fibre composites for automotive and other 
applications. According to Vötsch, the oven offers very short cycles compared to 
heating carbon fibre composites in conventional autoclave ovens (4 to 5 hours vs. 
10 to 15 hours) and uses 30 to 35% less energy.161 
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Figure 5-6 Industrial microwave oven for curing carbon fibre composites 
 
5.2.3 Carbon materials 
 
Carbon materials are very good absorbers of microwaves, i.e. they are easily 
heated by microwave irradiation. In solid materials with charged particles which 
are free to move around in regions of the material, such as π-electrons in carbon 
materials, a current travelling in phase with the electromagnetic field is induced. 
This movement of electrons generates heat through joule heating (resistive 
heating) within the grain or arching at phase boundaries (Maxwell-Wagner effect) 
(Figure 5-7).155, 162  
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Figure 5-7 Mechanism of microwave heating for solid carbon162 
 
In the case of graphite and highly graphitised carbons, where the π-electrons are 
free to move in relatively broad regions, the arching phenomenon can become 
obvious. The kinetic energy of some electrons may increase enabling them to jump 
out of the material and ionise the surrounding atmosphere. At a macroscopic level, 
this phenomenon can be seen as sparks and on a microscopic level these hot spots 
are actually plasmas.155 This can be demonstrated by placing a metal fork or a 
bundle of carbon fibres in a microwave; the surrounding air will become ionised.  
 
As discussed earlier, the dielectric loss tangent of a medium describes its ability to 
heat under microwave irradiation. Interestingly, carbons materials have higher loss 
tangents than that of distilled water (tan δ of distilled water = 0.118 at 2.45 GHz 
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Table 5-2 Dielectric loss tangents for different carbon materials at a frequency of 
2.45 GHz and room temperature, ca. 25 °C155 
 
Carbon material tan δ 
Coal 0.02-0.08 
Carbon foam 0.05-0.20 
Charcoal 0.11-0.29 
Carbon black 0.35-0.83 
Activated carbon 0.57-0.80 
Activated carbona 0.22-2.95 
Carbon nanotube 0.25-1.14 
CSi nanofibres 0.58-1.00 
aActivated carbon at a mean temperature of 125 °C 
 
The high dielctric loss tangents of carbon materials ultimately means that they can 
easily be heated, requiring lower energy input. Carbon-microwave coupling may 
be used to heat chemical compounds which have low dielectric loss tangents that 
do not heat up sufficiently under microwave irradiation.155 For example, De 
Palmenaer et al. used carbon nanotubes to assist in microwave cure of glass fibre 
reinforced polypropylene composites. The thermoplastic polymer and the glass 
fibres are both poor microwave absorbers, but addition of 1 wt.% of electrically 
conductive carbon nanotubes generated heating in the vicinity of the carbon 




Figure 5-8 Microwave irradiation and heating using carbon nanotubes163 
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Other applications of microwave irradiation include microwave assisted covalent 
functionalisation of carbon nanomaterials. Karousis et al. used microwave 
irradiation to heat a surface grafting reaction utilising in situ generated phenyl-
diazo compound to functionalise the surface of C60@SWCNT “peapods” (fullerenes 
entrapped within single-walled carbon nanotubes) (Scheme 5-1). As the reactants 
themselves were good absorbers of microwave irradiation, there was no need for 
solvent and the reaction was done neat under microwave irradiation at 10 Watts 




Scheme 5-1 Covalent functionalisation of C60@SWCNT peapods using microwave 
irradiation 
 
In another study, Brunetti et al. described a new synthetic strategy to produce 
multifunctionalised carbon nanotubes using a combination of two different 
grafting reactions, the 1,3-dipolar cycloaddition of azomethine ylids and the 
addition of diazonium salts, both via a simple and fast microwave assisted 
method.165 The authors sought to optimise a multiple functionalisation approach 
by avoiding the use of long reaction times, toxic solvents and extreme conditions. 
Typically, the 1,3-dipolar cycloaddition of azomethine ylids would take 5 days 
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the reaction could be achieved in just 1 hour. Furthermore, the 1,3-dipolar 
cycloaddition was done in solvent-free conditions (as nanotubes display extremely 
high microwave absorption) and the proceeding diazonium salt reaction was done 




Scheme 5-2 Functionalisation of carbon nanotubes via 1,3-dipolar cycloaddition 
of azomethine ylids and the addition of diazonium salts under microwave 
irradiation 
 
The same group also successfully applied this same microwave-assisted 
multifunctionalisation approach to carbon nanohorns.166 
 
5.3 Ionic Liquids 
 
Solvents are ubiquitous in chemistry. In synthesis the solvent allows reagents to 
mix together so that they can react, and are used in the separation and purification 
of products. Ionic liquids (ILs) are salts which are liquid at temperatures below 100 
°C and have become an exciting new addition to the range of available solvents.167-
169 Common salts such as NaCl melt at 801 °C, however room temperature ionic 
liquids can be prepared by combining a large, asymmetric organic cation with a 
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Figure 5-10 Common anions used for ionic liquids169 
 
There are nearly infinite numbers of possible cation/anion combinations, so it is 
possible to find a specifically designed solvent for a particular application. 
Therefore they are often called “designer solvents”.168, 170 Due to their ionic nature, 
they often have very low vapour pressures and so are considered “green” as they 
do not pollute the atmosphere.168, 170 This low volatility also lends to ILs being non-
flammable and therefore safer to use.171, 172 Ionic liquids also have an outstanding 
solvation potential so thus can be good solvents for many organic and inorganic 
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Because ILs are charged, under microwave irradiation they heat via the ionic 
conduction mechanism which is more effective than the dipolar rotation 
mechanism with regard to the heat-generating capacity.154 Despite a lack of 
reports on the measured loss tangent values for ILs, the experimentally obtained 
heating rates of ILs under microwave irradiation attest to their extremely high 
microwave absorptivity e.g. temperature increases of 200 °C within a few seconds 
are not uncommon.154, 174 Also, safety problems arising from over pressurisation 
are minimised as ILs can be heated to higher temperatures than conventional 
solvents without significant pressure build-up.154  Reaction rate has shown to 
dramatically increase when a reaction is carried out under microwave irradiation 
and/or in ILs. This is thought to be due to the more effective stabilisation of 
intermediates in ionic liquids and the sharper heating profiles provided by 
microwave irradiation.173, 175 
 
In electrochemistry, ionic liquids have become widely used as recyclable solvents 
for organic reactions and as electrolytes in batteries, however their conductivities 
are a little lower than organic electrolytes, mostly due to their high viscosities.172, 
176  The protic ionic liquids needed for the diazonium electrochemical reactions are 
easy to make and very cheap. Free radical reactions, namely free radical 
polymerisations, have demonstrated interesting outcomes when ILs have been 
used as the reaction media. Desirable outcomes such as high yields and high 
molecular weights were achieved with IL solvents, and the reaction outcomes 
could be affected by the variation of the cation/anion combinations used.177 
Strehmel et al. proposed that the desired outcomes on polymer molecular weight 
were in part due to high viscosity of the ILs reducing bimolecular termination of 
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5.4 Two Reaction Design for Surface Grafting Under Modified 
Conditions 
 
Reviewing previous examples in the literature showed that microwave heating 
could be used to successfully functionalise carbon nanomaterials in short reaction 
times. For microwave reactions the literature also revealed ionic liquids to be ideal 
solvents. Inspired by this, we developed a novel approach to enhance surface 
functionalisation of carbon fibres by using small molecules in ionic liquid emimTFSI 
5-1 under microwave irradiation. We compare this to a typical solvent used in our 





Figure 5-11 Ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethyl) imide 
(emimTFSI) 5-1 and an organic solvent  1,2-dichlorobenzene (1,2-DCB) 5-2 
 
To extend our previous work, the same linker molecule 2-18 was used in this study 
at the lowest viable concentration, 25% (0.5 g of linker molecule 2-18 per 30 cm 
tow), as determined from the previous study (Chapter 3).179 This time, the 24 hour 
conventional heating step was replaced with 30 minutes in the microwave. Two 
fibre grafting procedures were designed: pathway 1 (Scheme 5-3, pink), was 
adapted from the original methodology by changing the heating source from a 
benchtop oil bath to a microwave reactor (CEM Scientific). Pathway 2 (Scheme 5-
3, green), used the same microwave methodology as pathway 1, replacing the 
solvent with an ionic liquid emimTFSI 5-1. The reactions were designed such that 
the effect of microwave irradiation could be assessed independently to the effect 
of the IL solvent. Note: at this point in our work we switched from using oxidised 
fibres to un-oxidised fibres in order to show the applicability of this method as a 
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Scheme 5-3 Two reaction design for enhancing the surface grafting reaction 
under modified conditions 
 
After completion of the microwave assisted grafting reaction, the fibres were 
washed with multiple solvents to ensure complete removal of unreacted material 
before boc-deprotection in accordance with the methodology outlined previously 
(Chapter 3, section 3.3). Additionally, in the case of pathway 2, a control 
experiment was performed whereby fibres were heated with microwave 
irradiation in emimTFSI 5-1 for 30 minutes followed by the same washing 
procedure. 
 
5.5 Chemical Characterisation of the Functionalised Fibres 
using XPS 
 
Following treatment, the treated fibres and control fibre samples were submitted 
for XPS analysis. The emimTFSI 5-1 IL was chosen as the TFSI anion carries fluorine 
groups which could be detected easily with XPS. The XPS results showed that the 
IL could be successfully removed by washing from the surface (characterised by 
lack of fluorine in the XPS spectrum) and thus, any fluorine found on the surface 
could be attributed to the successful grafting of 2-18. Both emimTFSI and 1,2-DCB 
treated samples however, had a similar fluorine content, (Table 5-3, 3.3% and 3.2% 
15 cm carbon fibre tow
1. 1,2-dichlorobenzene, t-BuONO




15 cm carbon fibre tow
emimTFSI, t-BuONO
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respectively) with the  emimTFSI  being slightly higher by XPS analysis. These results 
suggest successful grafting of fluorinated compound 2-18, with a slightly higher 
degree of grafting for the emimTFSI treated sample. 
 
Table 5-3 XPS analysis of untreated fibres and those functionalised in emimTFSI 
and 1,2-DCB 
 
Element Untreated emimTFSI control emimTFSI 1,2-DCB 
C 96% 82% 89.7% 90.8% 
N 1.7% 7.1% 3.0% 2.6% 
O 2.1% 10.7% 3.9% 3.7% 
F 0% 0.2% 3.3% 2.8% 
 
5.6 Physical Characterisation of the Treated Fibres: Tensile 
Strength, Elastic Modulus and Weibull Statistical Analysis 
 
With chemical characterisation complete, the next important step involved the 
assessment of critical mechanical parameters. The investigation began by 
determining the tensile strength/tenacity. Only very minor changes in both tensile 
strength and modulus resulted from the combined IL and microwave treatment 
(<5% in each case). Conversely, both properties showed more substantial 
decreases, almost double that of the IL, when performed in 1,2-DCB under 
microwave irradiation (Table 5-4). 
 
Table 5-4 Physical characterisation of untreated fibres and those functionalised in 
















untreated 3.62 ± 0.06 - 246.3 ± 1.00 - 
emimTFSI 3.46 ± 0.04 - 4.4% 240.4 ± 0.63 - 2.4% 
1,2-DCB 3.36 ± 0.05 - 7.1% 235.3 ± 1.80 - 4.5 % 
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It is important to note that while both treated samples displayed some minor 
decreases in fibre performance as a result of this treatment, these fibres are still 
eminently suitable for application in reinforcing lightweight composite materials. 
The treated fibre properties, including those functionalised in 1,2-dichlorobenzene 
5-2, which resulted in the most pronounced decrease in performance, are still 
comparable to industry standard carbon fibres such as Toray T300 and Dow Aksa 
A-38 which are used in a wide range of applications.  
 
Analysis of each sample confirmed that the fibre strengths correlated well to 
Weibull distributions (Table 5-5) with r2 values above 0.95. The characteristic 
strength values also correlated well to the measured tensile strength: from  3.86 
to 3.62 for the untreated sample, 3.63 to 3.46 for emimTFSI and 3.53 to 3.36 for 
1,2-DCB, with a consistent decrease for the treated samples. Additionally, Weibull 
moduli increased for both the treated samples relative to the untreated sample, 
11.02 and 14.25 to 9.33. This suggests that while the treatment did introduce some 
minor defects to the surface, the treatment and the distribution of the defects was 
more homogenous than in the untreated fibres. 
 
Table 5-5 Weibull distributions of treated and untreated carbon fibres 
 
Sample Weibull modulus Characteristic 
strength σ0 (GPa) 
Correlation 
 m R2 
Untreated 9.33 3.86 0.97 
emimTFSI 11.02 3.63 0.98 
1,2-DCB 14.25 3.53 0.97 
 
As is consistent with our previous work, detection of the surface bound molecules 
using IR and Raman spectroscopy proved fruitless.125, 148, 149, 180 This is primarily due 
to the very small amount of molecule being grafted onto the surface of the carbon 
fibres. In each case the spectra provided from these analytical techniques focus on 
carbon bond vibration or hybridisation, and any molecule(s) added to the surface 
of the fibre tend to be swamped by the heterogeneous carbonaceous nature of the 
fibre surface (see Appendix 12.3, section 12.3.1 and 12.3.2 for spectra). Evidence 
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of surface modification is typically indicated by XPS data and improved interfacial 
adhesion, which was also carried out in this study (see section 5.8). 
 
5.7 Analysis of Fibre Topography: Scanning Electron 
Microscopy (SEM) 
 
To analyse general surface features of the treated and untreated fibres, scanning 
electron microscopy (SEM) was used. While AFM and SEM both provide useful 
information regarding surface structure, SEM was chosen in this instance due to 
the convenience and access to a benchtop SEM. Electron microscope images of the 
treated fibres showed similar morphology between the untreated fibres (a) and 
those functionalised in 1,2-DCB (c) with longitudinal striations (Figure 5-12). 
Interestingly, the fibres functionalised in emimTFSI (b) lack the definition of 
striations as the control sample, which may have implications on critical fibre 




Figure 5-12 SEM images of functionalised fibres a) untreated; b) emimTFSI 
functionalised; c) 1,2-DCB functionalised 
 
5.8 Analysis of the Samples using Microscopy and IFSS 
Calculations 
 
Following characterisation of the single fibres themselves, the effect of the 
appended molecules on the adhesion at the fibre-matrix interface was examined 
via the single fibre fragmentation test (SFFT) as described previously (Chapter 3, 
section 3.7). Evaluation of interfacial adhesion was conducted by first making a 
single fibre composite, followed by stretching the sample along the fibre axis until 
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fragment saturation was reached. Fragment lengths were measured and the 
interfacial shear strength (IFSS) calculated (Chapter 3, section 3.7). An increase in 
IFSS was observed for both treated samples. When compared to an untreated 
sample of carbon fibre, increases of 28% and 19% for emimTFSI and 1,2-DCB, 
respectively, were noted (Table 5-6). 
 
Table 5-6 Interfacial shear strength of untreated and treated fibres 
 
Fibre IFSS (MPa) Increase relative to 
control 
Untreated 32 ± 0.8 - 
emimTFSI 41 ± 1.1 +28% 
1,2-DCB 38 ± 2.6 +18% 
 
The sample functionalised in the IL solvent had the most considerable (and 
statistically significant) increase in IFSS, possibly because there could be more 
molecule grafted to the surface in this case, as evident in the XPS data. This 
increase in IFSS is an outstanding result, considering the reduction in reaction time 
for this grafting process. 
 
5.9 Determination of Diffusion Coefficient: Pulsed Field 
Gradient Nuclear Magnetic Resonance (PFG-NMR) 
Spectroscopy 
 
To understand the enhanced grafting reactivity observed as a result of microwave 
irradiation, several possibilities needed to be taken into account. First, carbon fibre 
is a conductive material and therefore when placed in an electromagnetic field, a 
current may be generated within and on the fibre surface. This is analogous to 
electrochemical grafting of diazonium groups to the surface of carbonaceous 
materials.181 This effect may also be supplemented by the thermal breakdown of 
the in situ generated diazonium groups which have been previously used for our 
surface grafting strategy.179 The movement of electrons in the carbon fibre may 
also have a heating effect, heating the surface and vicinity near the surface of the 
carbon fibres so that any diazo species in this area may readily decompose. 
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A second effect, potentially complementing the first, is the different diffusion rate 
of 2-18 through each solvent. The functionalisation strategy described in this 
chapter and the previous chapter (Chapter 3) is diffusion limited, meaning only 
molecules able to diffuse to the surface of the fibre from the bulk solution are able 
to be grafted.179 Therefore, to investigate this possible effect, 19F pulsed field 
gradient nuclear magnetic resonance (PFG-NMR) spectroscopic experiments were 
carried out to determine the diffusion coefficients in both emimTFSI 5-1 and 1,2-
DCB 5-2 of amine 2-18 as a surrogate to the unstable phenyl-diazo species 5-3 
generated in situ for each reaction protocol. For a basic introduction to nuclear 
magnetic resonance (NMR) spectroscopy, please refer to (Chapter 8, section 8.2.1).  
 
5.9.1 The pulse sequence: pulsed field gradient echo 
 
The diffusion NMR technique combines radio frequency (RF) pulses used in routine 
NMR spectroscopy with magnetic field gradients that encode spatial information. 
Pulsed field gradient stimulated echo (PFG-STE) is the pulse sequence used for the 
experiment.182 A 90° radiofrequency pulse excites the magnetisation, which is then 
dispersed using a magnetic field gradient pulse (Figure 5-13). A second gradient 















Chapter 5: Rapid Surface Functionalization of Carbon Fibres Using Microwave 
Irradiation in an Ionic Liquid 
185 
 
5.9.2 The effect of pulsed field gradients on the transverse 
magnetisation 
 
Before the 90° radio frequency pulse, all the nuclei are in the same homogenous 
field B0 and the macroscopic magnetisation M0 lies along the field direction (z-axis). 
The 90° RF pulse turns the magnetisation into the y’ direction in the rotating frame. 
Immediately after the 90° RF pulse, the nuclei give a total transverse magnetisation 
vector Mn directed along the y’ axis, My’ (Figure 5-14 a). Using special gradient coils, 
a linear magnetic field gradient pulse is applied along the direction of B0 (the z-
axis), so that the nuclei within the observed volume experience different field 
strengths depending on their positions in the sample tube.  
 
Following this dephasing (magnetic field gradient) pulse, the transverse 
magnetisation vectors Mn rotate at different frequencies vn at different positions 
in the tube cancelling out the total signal, My’ = 0 (Figure 5-14 b). This is because 
the different field strengths will result in different precession frequencies of the 
nuclei in accordance with resonance condition Equation 5-2.183 
 
𝑣𝑣𝑙𝑙 = � 𝛾𝛾2𝜋𝜋� (𝐵𝐵0 + 𝑔𝑔𝑙𝑙)    Equation 5-2 
 
Where vn is the precession frequency, γ is the gyromagnetic ratio, B0 is the 
magnetic field and gn are the contributions of the field gradient to the field B0.183 
The refocussing gradient pulse can make the signal reappear (“gradient echo”) by 
applying a second field gradient exactly like the first but in the opposite direction 
(Figure 5-14 c). However, refocussing is only achieved for those nuclei that have 
not moved significantly up or down the tube.182  
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Figure 5-14 Effect of the magnetic field gradient pulse on magnetisation vectors 
 
Diffusion causes some of the nuclei to move away from where their signals can be 




Figure 5-15 The effect of diffusion combined with magnetic field gradient pulses 
on the magnetisation vectors and signal strength 
 
5.9.3 Determining the diffusion coefficient 
 
The more intense and the longer the magnetic field gradient pulse, the more 



















a) b) c) 
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duration of the magnetic field gradient pulse determines the distance that a 
nucleus can diffuse and still yield a signal. The pulse sequence is repeated a number 
of times, incrementing the gradient strength each time while keeping the delays 




Figure 5-16 Diffusion spectra. The peak on the left decays faster with increasing 
gradient strength and has a higher diffusion coefficient than the peak on the right 
 
A plot can be made of intensity of a desired peak (e.g. CF3 functional group of 2-
18) against gradient strength and fitted using a non-linear curve fit to the resulting 
Gaussian decay. The Skejskal-Tanner equation may then be used to determine the 
diffusion coefficient: 
 
𝐼𝐼 =  𝐼𝐼0 exp �−𝐷𝐷 𝛾𝛾 2𝑔𝑔2𝛿𝛿2 �∆ −  𝛿𝛿3��    Equation 5-3 
 
Where I is the observed signal intensity, I0 is the maximum signal intensity, D is the 
diffusion coefficient, γ is the gyromagnetic ratio of the nucleus observed, δ is the 
gradient pulse length and Δ is the diffusion time. 
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Two samples were tested; amine 2-18 dissolved in emimTFSI 5-1 and amine 2-18 
dissolved in 1,2-dichlorobenzene 5-2. The determined diffusion coefficient for 2-
18 in 1,2-dichlorobenzene was (3.3 ± 0.1) × 10-10 m2 s-1 at 20 °C, approximately one 
order of magnitude higher than in emimTFSI (1.6 ± 0.1) × 10-10 m2 s-1 at the same 
temperature. This result was expected as the ionic liquid is substantially more 
viscous than the organic solvent. However, the result seems counterintuitive to the 
data observed for surface functionalisation as the faster moving molecules gave a 
less profound effect on the interface. While the rate of diffusion can have 
significant ramifications on reaction rate and success, in this instance we assume 
that the difference in diffusion is being outweighed by other factors. 
 
The only other meaningful difference between the two procedures is the ability of 
each solvent to absorb microwave irradiation. Ionic liquids are known to enhance 
reaction rate, especially under microwave conditions.158, 159 Thus it was presumed 
a similar effect was at play in this case whereby the energy provided by the 
microwave irradiation was more efficiently transferred in the ionic liquid when 
compared to the organic solvent. This effect was recently investigated by Kiefer et 
al. who used femptosecond time-resolved coherent anti-Stokes Raman scattering 
(CARS) to examine the energy transfer in imidazolium ionic liquids, specifically 
emimTFSI. The study determined that vibrational energy transfer in ionic liquids is 
governed by interionic interactions.184 This was especially relevant to this study as 
the in situ generated phenyl diazo species 5-3 is also charged, and so may be able 
to participte in energy transfer via interionic interactions whereas this would not 
occur with the 1,2-dichlorobenzene 5-2. This could lead to more efficient grafting 
to the surface of the fibre in the ionic liquid 5-1, compared to the organic solvent 
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5.10 Chapter Summary 
 
Firstly, this study showed, for the first time, the ability to surface functionalise 
carbon fibres using microwave irradiation and ionic liquids. Secondly, the study was 
successful in reducing surface grafting reaction time (24 hours to 30 minutes), 
while maintaining significant levels of adhesion between fibre and matrix. The 
same improvement in adhesion was observed for the microwave/ionic liquid 
grafting as the 24 hour thermal grafting using the same concentration of linker 2-
18 (+28% in both cases). This was an outstanding result given the dramatic 
reduction in reaction time. The benefits of this microwave/ionic liquid method 
would include reduced reaction time, solvent recovery and a more energy efficient 
process. 
 
These were excellent results, but there was still strong motivation to develop even 
faster surface modification strategies. The reaction time for the surface grafting 
step in this study was reduced, however the de-protection step still required 24 
hours. Thus, the next chapter will introduce a new approach; using electrografting 
techniques instead of thermal grafting techniques. 
 
The work described in this chapter has been reported in the following publication: 
K. M. Beggs, M. D. Perus, L. Servinis, L. A. O'Dell, B. L. Fox, T. R. Gengenbach, L. C. 
Henderson, Rapid surface functionalization of carbon fibres using microwave 
irradiation in an ionic liquid. RSC Adv. 6, 32480-32483 (2016)




6 Reductive Electrografting of Diazonium Salts to 
Carbon Fibre Surfaces 
 
Chapter 6 explores a new approach to dramatically reduce reaction times: 
reductive electrografting of diazonium salts. Initial optimisations are carried out on 
carbon fibres before scaling-up treatment on woven carbon fibre mats. XPS is used 
to chemically characterise the samples. 
 
6.1 Electrografting: Fast and Efficient 
 
The previous chapters have shown a gradual progression focussing on the 
optimisation of surface grafting on to carbon fibres. First, in Chapter 3 it was shown 
that reagent concentration could be decreased to allow for the more economical 
use of linker molecule 2-18. Next in Chapter 5 the study was successful in reducing 
surface grafting reaction time (24 hours to 30 minutes), however the deprotection 
step still required 24 hours. Further to this, it was noted in the concentration study 
(Chapter 3), that using large amounts of linker (200% of the original concentration) 
did not result in more 2-18 being grafted to the surface, despite the amount of 
reagent used and considerable reaction times. There are two possible explanations 
for the observed low surface grafting efficiency: (i) either there is a finite amount 
of graphitic sites available on the surface to functionalise, or (ii) the reaction 
process (thermal in situ diazonium reaction) is the limiting factor. Given the highly 
graphitized nature of the carbon fibre surface, it is far more likely that the latter is 
affecting this reaction.  
 
From a practical perspective this reaction requires the anilinic nitrogen to react 
with the nitrite to form the in situ diazo species, which then decomposes to form 
the corresponding radical. The radical molecule 6-1 can be formed anywhere in 
solution, at a distance from the carbon fibre surface, so for effective surface 
grafting it must reach the surface before undergoing any side-reactions (Scheme 
6-1). Given the likelihood of these sequence of events occurring, it could be 









Scheme 6-1 Thermal in situ diazonium: the radical 6-1 must reach the surface to 
react 
 
Thus, an alternative treatment to functionalise the carbon fibre surface and 
overcome the problems of long reaction times and low surface grafting efficiency 
was required. Instead of using heat to drive the chemical reaction, 
functionalisation of the solid surface can be performed by electrografting.185 
Electrografting is an electrochemical process which could potentially utilise the 
electrochemical bath equipment already in place on existing carbon fibre 
production lines. 
 
Reductive electrografting of diazonium salts was first introduced in Chapter 2, 
section 2.14.1. During electrografting of diazo salts, the radical 2-23 is formed close 
to the electrode surface, where the reaction can take place. As the reactive species 
is formed in high local concentration near the fibre surface this should help 
improve the grafting efficiency compared to thermal grafting where the radical can 






















Scheme 6-2 Electrografting nitro diazonium salt 2-23 to carbon fibre surface 
 
Many reviews and books have been written on the topic of electrografting,84, 186 
including aryl diazonium salts,137, 187, 188 and here a brief overview will be provided 
for the reader.  
 
To understand the electrochemistry of diazonium salts, it is useful to compare their 
electrochemical behaviour to the well-established electrochemistry of aryl halides. 
Aryl halides like 6-2 never show any sign of attachment of the aryl group to the 
surface and are reduced by two electrons according to Scheme 6-3. After the 
transfer of one electron from the electrode (path a) the activated aryl halide 6-3 
will diffuse away from the electrode. Depending on the length of the activated aryl 
halides 6-3 lifetime it will give rise to the radical 2-14 closer (short lifetime) or 
farther (long lifetime) from the electrode. If the radical 2-14 is formed far from the 
electrode it will react with the solvent 6-4 through hydrogen atom abstraction or 
be reduced by the parent radical anion 6-5, but will have no chance of diffusing 
back to the surface and reacting with it. If the cleavage of the activated radical 6-3 
is very fast or, even better the electron transfer is concerted with the cleavage of 
the halogen (path b), the radical 2-14 will be formed very close to the electrode 

















Scheme 6-3 Electrochemical reduction of aryl halides137 
 
However, the aryl radical 2-14 is much more easily reduced than the parent aryl 
halide 6-2 and therefore the radical will be reduced to the aryl anion 6-5 before 
having a chance to react with the surface. Diazonium cations on the other hand are 
very easily reduced (related to the very strong electron withdrawing character of 
the diazonium group) so this explains why they react with the surface while aryl 
halides do not. In the case of diazonium salts 2-23, the aryl radical 2-14 is produced 
directly at the electrode surface through an electron transfer concerted with 
entropically favoured cleavage of the dinitrogen (Scheme 6-2). Unlike the aryl 
halides 6-2, at the very low cathodic reduction potential of the diazonium cation 2-
23, the aryl radical 2-14 is not reduced and can react with the surface i.e. the 
diazonium cation 2-23 is more easily reduced than the aryl radical 2-14.137 
 
So, with this knowledge in hand, it was decided that it was pertinent to compare 
grafting efficiencies between thermal grafting of in situ generated phenyl-diazo 
species and electrografting of diazonium salts. Also, to extend from the previous 
literature on reductive electrografting of diazonium salts, this work focuses on 








































salts is performed under strict anhydrous and oxygen free conditions134, 139 but in 
order to make the process more practical for industrial application, here 
electrografting was undertaken in much less stringent conditions. 
  
6.2 Synthesis of Diazo Salts 
 
Here, instead of forming the diazonium molecule in situ from linker 2-18, 
diazonium salts were first synthesised and isolated. 4-Nitrobenzenediazonium 
tetrafluoroborate 2-24 and 3-trifluoromethylbenzenediazonium tetrafluoroborate 
6-9 were chosen as simple model compounds for initial investigations. The nitro 
diazo salt 2-24 would be the precursor for surface amine NH2 groups while the CF3 
group of the trifluoromethyl diazo salt 6-9 would be useful as an XPS detectable 
surface moiety and would provide (via XPS) a broad comparison the previous work 




Figure 6-1 nitro diazo 2-24 and trifluoromethyl diazo 6-9 
 
There are several means to synthesise diazo salts but the simplest and most 
convenient are by the use of nitroso salt reagents (e.g. NOBF4). The synthesis of 
the diazo salts with NOBF4 is a one-step, high-yielding reaction (84% for both nitro 

















Scheme 6-4 Synthesis of nitro diazo 2-24 and trifluoromethyl diazo 6-9 
 
The general synthesis of the diazonium salts involved reacting the aniline starting 
material with nitrosonium tetrafluoroborate (NOBF4, 1.2 mol equiv.) for a few 
hours. Following this, the reaction mixture was diluted with diethyl ether to 
precipitate the diazonium tetrafluoroborate salt product directly. Characterisation 
using FTIR revealed a diagnostic peak at 2300 cm-1 attributed to N-N stretching of 
the diazo group.189 To prolong the shelf-life of the synthesised diazo salts, the 
samples were sealed under nitrogen and stored at -20 °C, in the dark. 
 
6.3 Reductive Electrografting of Diazo Salts 
 
The  apparatus  used  for  the  electrochemical  derivatization  experiments  was  a  
three-electrode cell,  with  a platinum wire or Ag/AgCl reference  electrode  and  a  
platinum mesh or coiled platinum wire counter  electrode.  The working electrode 
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Figure 6-2 From left to right: carbon fibre with copper tape, platinum wire, coiled 
platinum wire with a plastic sleeve (to prevent contact with fibre) and a platinum 
mesh for larger scale reactions 
 
The carbon fibre working electrode was held with an alligator clip on the copper 
tape and the electrode was immersed in an acetonitrile (MeCN) solution that 
contained aryl diazonium salt (0.05 M) and electrolyte tetra-n-butylammonium 
tetrafluoroborate ([Bu4N][BF4], 0.05 M) or tetra-n-butylammonium 
hexafluorophosphate ([Bu4N][PF6], 0.05 M). Nitrogen  was  bubbled  through  the  
solution  during  the  experiments  to  limit oxygen  side reactions and agitate the 
solution. The grafting methodology will now be described using the nitro diazo 2-
24 as an example, however the process for grafting the trifluoromethyl diazo 6-9 is 
identical. This small scale set up allowed for rapid optimisation and trial of surface 
grafting procedures (Figure 6-3). Scale up will be discussed later. 
 






Figure 6-3 Three-electrode cell with carbon fibre working electrode, Ag/AgCl 
reference electrode, coiled platinum wire counter electrode and nitrogen gas line 
 
The fibres may be functionalised using either cyclic voltammetry (CV) or 
chronoamperometry (CA). Cyclic voltammetry (CV) is an electrochemical technique 
where the current within the cell is measured while varying the applied potential. 
Chronoamperometry (CA) involves applying a constant potential and measuring 
the current over time. Both methods can be used for electrografting. Initially, long 
CA experiments were run to ensure maximum surface grafting coverage. The 
required potential or greater to reduce the diazo compounds was applied for a 
period of 30 minutes. The reduction potential could first be determined by running 
a CV scan and observing the potential at which the reduction peak appears. A fresh 















tetra-n-butylammonium tetrafluoroborate-acetonitrile ([Bu4N][BF4]-MeCN, 0.05 
M) and the CV recorded (Figure 6-4). This time there were two reduction peaks 




Figure 6-4 Cyclic voltammogram of the carbon fibres in a solution of nitro 
diazonium salt 2-24 (0.05 M) and tetra-n-butylammonium tetrafluoroborate-
acetonitrile ([Bu4N][BF4]-MeCN, 0.05 M) 
 
A second peak was sometimes observed in the CV scans, as shown above in Figure 
6-4, in this case the main reduction peak at -0.55 V and a small shoulder peak at -
0.25 V. The occurrence of this second peak has been reported before for the 
reduction of aryl diazonium salts, where it has been suggested to originate from a 
catalysed reaction process.190 The voltametric scan begins at an initially clean 
electrode where the surface catalysed reduction can be observed and the 
conditions for observing the uncatalysed reduction are produced by film 
deposition during the first catalysed reduction step (Figure 6-5).190 
 






Figure 6-5 Electrografting of 4-nitrobenzene diazonium tetrafluoroborate 2-24 at 
carbon electrodes: catalysed and uncatalysed reduction processes190 
 
Work published by Lee et al.190 showed that the first peak corresponded to a 
loosely packed, inhomogeneous multilayer film which grows until aryldiazonium 
ions cannot interact with the surface and the catalytic reaction is prevented.190 For 
the uncatalysed reduction at the more negative potentials, the reduction step gives 
a more dense film, which blocks the electrode through filling-in of the holes left 
after the catalysed reaction.190 
 
To confirm whether this was the case, that both reduction peaks did indeed 
correspond to surface grafting, two 30 minute CA experiments were run. The first 
experiment to graft nitro diazo 2-24 at -0.25 V and the second experiment at -0.55 
V. A fresh sample of fibres were then functionalised using the same solution of 
nitro diazonium salt 2-24 (0.05 M) and tetra-n-butylammonium tetrafluoroborate-
acetonitrile ([Bu4N][BF4]-MeCN, 0.05 M) by holding a constant voltage -0.25 V for 
30 minutes and the CA is shown in Figure 6-6. 
 






Figure 6-6 Chronoamperogram at -0.25 V of the carbon fibres in a solution of 
nitro diazonium salt 2-24 (0.05 M) and tetra-n-butylammonium 
tetrafluoroborate-acetonitrile ([Bu4N][BF4]-MeCN, 0.05 M) 
 
A fresh sample of fibres were then functionalised in the same solution of nitro 
diazonium salt 2-24 (0.05 M) and tetra-n-butylammonium tetrafluoroborate-
acetonitrile ([Bu4N][BF4]-MeCN, 0.05 M) by holding a constant voltage -0.55 V for 
30 minutes and the CA is shown in Figure 6-7. 
 






Figure 6-7 Chronoamperogram at -0.55 V of the carbon fibres in a solution of 
nitro diazonium salt 2-24 (0.05 M) and tetra-n-butylammonium 
tetrafluoroborate-acetonitrile ([Bu4N][BF4]-MeCN, 0.05 M) 
 
The measured current in the CA experiment tended toward zero over time (Figures 
6-6 and 6-7). This could either suggest a decrease in the reactive diazo species 2-
24 in solution or that the functionalisation was making the carbon fibre surface less 
conductive by depositing a blocking, insulating layer. The latter was found to be 
the case as multiple batches of fibres were able to be successfully treated using the 
same solution. 
 
As the grafting process is irreversible and creates a non-conductive/blocking 
organic surface layer, peak current in the CV scan would also be expected to 
decrease over time. Examining the CV revealed that this happened quite quickly – 
the reaction was complete after the first scan (30 seconds) (Figure 6-8). This 
confirmed that a single CV scan of a few seconds is sufficient to saturate the surface 
of the fibres with grafted molecules. 
 






Figure 6-8 Cyclic voltammogram of the carbon fibres in a solution of nitro 
diazonium salt 2-24 (0.05 M) and tetra-n-butylammonium tetrafluoroborate-
acetonitrile ([Bu4N][BF4]-MeCN, 0.05 M): first scan and second scans 
 
Following the surface grafting step, the above samples were washed thorougly by 
first soaking in acetonitrile (10 minutes × 3), then washing with more acetonitrile, 
chloroform and ethanol (1 × 50 mL each), before drying under reduced pressure 
for 24 hours. The nitro functionalised fibre 6-12 and trifluoromethyl functionalised 
fibre 6-13 samples were then set aside for XPS analysis to confirm the presence of 

















The nitro surface functionalisation procedure was repeated again, at each of the 
potentials -0.25 V and -0.55 V re-using the same solution and these samples were 
then taken forward to the next step to reduce the surface nitro groups to amines. 
 
6.4 Electrochemical Reduction of Surface Nitro Groups 
 
The nitro group 6-12 can be seen as a pseudo protecting group and is removed 
once on the surface through electrochemical reduction to reveal the amine NH2 2-
25 (Scheme 6-5). The process overall involves six protons and six electrons, where 
each step in the mechanism is a transfer of two protons and two electrons. The 
products of the first two proton/electron transfer are an aryl nitroso 6-14 and 
water.  The next step in the electrochemical process is a two proton/electron quasi-
reversible redox couple between nitroso 6-14 and hydroxylamine 6-15. The 
hydroxylamine 6-15 undergoes a final two proton/electron reduction, giving the 























Doing this reaction involved transferring the nitro functionalised fibres 6-12 (-0.25 
V and -0.55 V samples) into an aqueous solution (EtOH/H2O 10/90 v/v + 0.1 M KCl) 
and applying a potential of -1 V for 30 minutes. Nitrogen was also bubbled through 
the solution during the reaction to limit oxygen side reactions and to mix the 
solution. CV scans were recorded before and after the CA experiment to monitor 
the nitro reduction reaction.  
 
The following CV presented in Figure 6-10 is of the nitro functionalised (-0.25 V) 
fibres in the aqueous solution. After a few scans, there is still a reversible process 




Figure 6-10 Cyclic voltammogram of the -0.25 V nitro functionalised fibres 6-12 in 









As there was still a reversible process occurring, indicating that the reduction 
process was not complete, a constant voltage of -1 V was applied to the sample for 




Figure 6-11 Chronoamperogram at -1 V of the -0.25 V nitro functionalised fibres 
















Following the CA experiment, a CV was recorded (Figure 6-12) revealing an absence 





Figure 6-12 Cyclic voltammogram of the -0.25 V nitro functionalised fibres 6-12 in 

















The above sample was also analysed by XPS (discussed ahead). Next the sample of 
-0.55 V nitro functionalised fibres 6-12 were placed in the aqueous solution and 
the CV recorded as shown in Figure 6-13. As with the -0.25 V nitro functionalised 




Figure 6-13 Cyclic voltammogram of the -0.55 V nitro functionalised fibres 6-12 in 
















As done previously with the -0.25 V nitro functionalised fibres 6-12, a constant 
voltage of -1 V was applied to the sample for 30 minutes to complete the reduction 
(Figure 6-14). It can also be noticed that the CA current is not a smooth line; instead 
the roughness suggests a short in the circuit. This is likely to be the cause as the 
fibres in solution did tend to touch the other electrodes. In future to stop this, a 
small plastic sleeve was used to cover the counter electrode to prevent contact 




Figure 6-14 Chronoamperogram at -1 V of the -0.55 V nitro functionalised fibres 
6-12 in an aqueous solution (EtOH/ H2O 10/90 v/v + 0.1 M KCl) 
 Insert: CA showing potential short circuit 
 
Following the CA experiment, a CV was recorded (Figure 6-15) revealing reversible 
peaks, indicating that the reduction of the surface-bound nitro groups 6-12 was 
not complete. 
 






Figure 6-15 Cyclic voltammogram of the -0.55 V nitro functionalised fibres 6-12 in 
an aqueous solution (EtOH/ H2O 10/90 v/v + 0.1 M KCl) 
 
Following the treatment, the fibres were washed according to the standard 
washing procedure outlined earlier. Samples of the washed nitro functionalised 6-
12, amine functionalised 2-25 and trifluoromethyl functionalised 6-13 fibres were 
taken for XPS analysis to determine the presence of NO2, NH2 and CF3 surface 




Figure 6-16 Amine functionalised fibres 2-25                
 
 








6.5 Chemical Characterisation of the Treated Fibres Using XPS 
 
Encouragingly, in comparison to the previous thermal grafting work, 
electrochemical surface grafting coverage was much higher (Table 6-1). The CF3 
fluorine group of the electrografted trifluoromethyl fibres 6-13 also provided an 
excellent XPS detectable tag, the presence of which on the fibre surface suggested 
successful surface functionalisation. The amount of fluorine present could be used 
to compare the amount of surface grafting between the two grafting methods 
(thermal grafted linker 2-21 and electrografted trifluoromethyl 6-13 fibres). Shown 
below in Table 6-1 are the XPS results for the thermal grafted and electrografted 
fibres. The higher amount of fluorine present in the electrografted sample (0.057) 
suggested that notably more molecule was grafted to the surface in comparison to 
the thermal grafted sample (0.037). 
 
Table 6-1 Elemental composition of untreated, thermal grafted linker 2-21 and 

















Sample: Untreated Thermal (microwave) Electrografted 
 Meana Dev.b Meana Dev.b Meana Dev.b 
C 1.000 0.000 1.000 0.000 1.000 0.000 
F 0.000 0.000 0.037 0.001 0.057 0.006 
a Atomic ratios are presented relative to carbon (X/C); b mean values (± deviation) of two 



















In the case of the nitro functionalised 6-12 samples, nitrogen and oxygen had 
increased as would be expected for surface nitro groups (Table 6-2). Following 
reduction to the corresponding amine 2-25, oxygen signal decreased, as expected 
attributed to the replacement of NO2 with NH2. It is worth noting the amine -0.25 
V sample was slightly lower in nitrogen than the other samples, but taking into 
consideration the heterogeneous nature of the fibre surface, this values is still 
much higher than the control. A very small amount of fluorine was present in nitro 
-0.25 V and -0.55 V samples, perhaps due to some residual tetrafluoroborate (BF4) 
























































































































































































































































































































   
   
   
   
   
   
   























































   
   
   
   















Since nitro groups possess a nitrogen of oxidation state not native to the fibre 
surface, they can act as an excellent diagnostic signal to support surface grafting. 
Peaks at 406 eV correspond to nitro groups and 400 eV to most other nitrogen-
based groups such as amines. These peaks were clearly present in the XPS high 





Figure 6-17 XPS high resolution N 1s spectra. The peaks at 406 eV correspond to 
nitro groups and 400 eV to most other nitrogen-based groups such as amines. 
Fibres were nitro functionalised 6-12, at two separate potentials (nitro -0.25 V 
and nitro -0.55 V) and then these samples were reduced to the corresponding 
surface amine 2-25 (amine -0.25 V and amine -0.55 V respectively) 
 
It could be seen that after nitro functionalisation 6-12, the main increase of the N 
1s peak in the XPS spectrum was at about 406 eV corresponding to nitro groups on 
the surface. Following reduction to surface amines 2-25, the peak at 406 eV had 
decreased and the peak at 400 eV had increased, corresponding to the changing 
oxidation state of amine groups being present. However, there appeared to be 
some residual signal at 406 eV for the sample grafted at -0.55 V. This was not 




surprising as the CV showed residual redox activity indicating that not all surface 
nitro groups had been reduced. The CA did indicate that fibres were touching the 
counter electrode, creating a short circuit, which could have reduced the reaction 
rate. Nevertheless, the residual nitro content was very minor. Also, in both nitro 
functionalised 6-12 samples, signal at 400 eV indicated the presence of amines. As 
the acetonitrile solvent used for the grafting step was not dry and water was 
present, it was believed that the nitro groups may have been reduced during the 
grafting step. This highlights the potential of this methodology as both steps may 
be done at once instead of requiring separate steps. 
 
The C 1s XPS spectra did not show much changes relative to the untreated control 
(see Appendix 12.4, section 12.4.1 for spectra). For the O 1s XPS spectra, as seen 
with the atomic ratio changes, the peak at 532 eV had increased for both nitro 6-
12 samples before decreasing for the amine 2-25 samples (Figure 6-18). The amine 
samples 2-25 still did have increased oxygen amount compared to the untreated 




Figure 6-18 O 1s high resolution XPS spectra of the nitro 6-12 and amine 2-25 
samples 




The XPS results did support that firstly the surface grafting reaction was successful 
and secondly that the reduction to reveal surface amine groups 2-25 was also 
successful. Furthermore, the results revealed that indeed the same solution of 
diazo salt could be re-used to treat multiple batches of fibre. 
 
While this electrografting work was initially carried out under the previously 
described conditions, research from within our group later established some 
optimised reaction conditions. These optimised conditions included shorter 
reaction times for grafting (30 minutes down to 4 minutes) and nitro reduction (30 
minutes down to 4 minutes), as well as decreased diazo salt concentration (0.05 M 
down to 0.001 M).192 Herein, the remaining work described in this thesis uses the 
optimised conditions.  
 
In another piece of electrografting work by our research group, amine functional 
groups 2-25 were introduced onto the carbon fibre surface and the IFSS of these 
samples was measured. Pleasingly, the IFSS increased 172% relative to 
unfunctionalised control fibres, demonstrating the great potential of this 
method.193  
 
6.6 Carbon Fibre Mat Functionalisation 
 
Thus far this work had focussed on introducing surface amine groups onto carbon 
fibre tows, however there was also the possibility of functionalising woven carbon 
fibre mats. Having the option of surface treatment post sizing and weaving could 
be of interest to industry as the treated woven carbon fibre could directly link with 
the resin of the matrix. Previously, our work has focussed on functionalising un-
sized carbon fibres and measuring their performance in a composite without the 
addition of a sizing layer. In reality fibre must be sized prior to weaving and this 
could potentially have a masking effect, covering the installed surface chemistry 
and preventing direct interaction with the matrix.  Whereas by sizing, weaving, and 
then de-sizing/functionalising this problem may be circumvented. This approach 
could also allow for scale-up and testing of larger composite test specimens for 




research purposes. The pieces of functionalised woven carbon fibre could be 
fabricated into small composites for the purpose of testing the effect of surface 
functionalisation on composite performance. 
 
The surface treatment would be the same as before, electrografting surface nitro 
groups 6-12 and then reducing these to surface amine groups 2-25, but this time 
instead of the working electrode consisting of a carbon fibre bundle, it would be a 




Figure 6-19 Nitro functionalised carbon fibre mat 6-12 and amine functionalised 
carbon fibre mat 2-25 
 
6.6.1 Preparation of the woven carbon fibre mat 
 
As carbon fibres are brittle, they cannot be woven as tightly as other fabrics and 
thus tend to fray more easily around the edges. Small test specimens of 9 cm × 8 
cm were cut from a larger roll of woven carbon fibre (oxidised and sized 3k carbon 
fibre 2 × 2 twill 200 gsm). The sizes of the these treated carbon fibre mat samples 
are large enough to fabricate small composite samples for the three-point bend 
test to test the interlaminar shear strength (ILSS).  
 
These woven carbon fibre mat test samples would become more fragile with 
handling and immersing in solvent would cause the weave to loosen. To keep the 
piece intact, the edges of the woven mat needed to be held together for the 
duration of the treatment. Two methods were trialled: sewing or overlocking 
around the edges of each sample. Cotton thread was used as it would not react 











solvent. The sewing tended to pull the fibre tows out of alignment, which is not 
ideal as this could impact negatively on composite performance. Overlocking the 
edges of the mat however did not have this problem, so the samples were 
prepared by overlocking around the edges. For electrical connection, a strip of 




Figure 6-20 Sample of woven carbon fibre mat with edges overlocked and copper 
tape 
 
6.6.2 Electrografting and electrochemical reduction of surface 
nitro groups on carbon fibre mat 
 
The  apparatus  used  for  the  electrochemical  derivatization  experiments  was  a  
three-electrode cell,  with  a Ag/AgCl reference  electrode  and  a  platinum mesh 
counter  electrode.  The working electrode comprised the woven carbon fibre mat 
that had copper tape on one end, and the electrode was held with an alligator clip 
on the copper tape. The electrode was immersed in an acetonitrile solution that 
contained nitro diazonium salt 2-24 (0.001 M) and tetra-n-butylammonium 




hexafluorophosphate ([Bu4N][PF6], 0.1 M). Nitrogen  was  bubbled  through  the  





Figure 6-21 Set up of large scale electrografting and reduction experiment (gas 
line not shown) 
 
The fibre mat was functionalised using cyclic voltammetry (CV), 2 sweeps at a slow 
scan rate of 0.01 V/s. Usually, a scan rate of 0.1 V/s would be used, however the 
CV was flat lining as the maximum current range had been reached (Figure 6-22). 
From what could be seen of the CV scan, there did appear to be a difference 
between the first and second scans, however without being able to read the full 
CV scan, the reaction may or may not have been be occurring. Furthermore, if the 
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Figure 6-22 Cyclic voltammogram of the carbon fibre mat in a solution of nitro 
diazonium salt 2-24 (0.001 M) and tetra-n-butylammonium hexafluorophosphate-
acetonitrile ([Bu4N][PF6]-MeCN, 0.1 M) 
 
There were a number of things which could be tried to overcome this problem. The 
experiment time could be increased to run over a number of hours by slowing 
down the scan rate further which would slow the rate of grafting and magnitude 
of the current. The maximum current range could be increased, but the maximum 
output for this instrument Autolab PGSTAT204 was 400 mA. There was also the 
possibility of connecting the instrument to a booster to increase the maximum 
output to 10 amps, or an external power supply could be used. An external power 
supply is different to a potentiostat in that instead of controlling voltage, amps and 
recording, it just supplies a specified voltage. This is analogous to a CA treatment 
and is what would most likely be used in larger settings i.e. this is the set-up used 
on carbon fibre lines. In this case experiments would need to be optimised for a 
two electrode cell (no reference electrode) with an external power supply to find 
the appropriate voltage required to achieve the surface grafting.  
 




Differently size electrodes would also make a difference as the counter electrode 
was a limiting factor here, it was much smaller than the working electrode (carbon 
fibre mat). Ideally they should be comparable in size, here there was a bottle-neck 
and the working electrode was taking a lot of current from the counter electrode. 
Purchasing a platinum electrode that large would have been very expensive. A 
much cheaper alternative would be graphite plates, which are used already on 
carbon fibre lines. Graphite plates (4 cm × 5 cm) were purchased for large scale 
grafting along with small graphite rods for small scale optimisation experiments as 




Figure 6-23 Graphite plate electrode (front) and graphite rod electrode (back) 
 
Alternatively, the carbon fibre mat working electrode could be made smaller. 
Though these smaller pieces would be too small to make composite test coupons 
for the three-point bend test, they would still serve as excellent proof-of-concept 
samples. Later, if the treatment was successful, the set-up could be modified to 
allow larger samples to be treated by making the adjustments described above. 
 
Smaller sizes of overlocked woven carbon fibre mat, 4 cm × 3 cm, were then 
prepared. The same three-electrode cell setup as before was used as pictured in 
Figure 6-24.  






Figure 6-24 Set up of large scale electrografting and reduction experiment 
 
The smaller woven carbon fibre mat electrode was immersed in the acetonitrile 
(MeCN) solution that contained 4-nitrobenzenediazonium tetrafluoroborate 2-24 
(0.001 M) and tetra-n-butylammonium hexafluorophosphate ([Bu4N][PF6], 0.1 M). 
The fibre mat was functionalised using cyclic voltammetry (CV), 2 sweeps from 0.4 
to -1 V at a scan rate of 0.01 V/s. The mat was then flipped over to expose the other 
side of the mat to the counter electrode and the CV scans repeated to ensure both 
sides of the mat were treated evenly. Note: the current set up on existing carbon 
fibre lines has two graphite plates to expose both sides of the carbon fibre tows to 
the oxidation treatment, so if this grafting treatment is also to be scaled up, two 
counter electrode plates may be included in the design. Nitrogen gas was bubbled 
through the solution to mix it, however it was turned off during the recording of 
the CV scans so that neat traces could be achieved (nitrogen bubbling through the 
solution during the experiment disrupts CV scans). This time, as the size of the 
working electrode was more appropriate for the size of the counter electrode in 
use, the full CV scan was able to be recorded successfully (Figure 2-25). However, 
the scan rate still had to be kept slow (0.01 V/s) to ensure no current overflow. 
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when scaling up this grafting treatment, equipment capable of higher current 




Figure 2-25 Cyclic voltammogram of the carbon fibre mat in a solution of nitro 
diazonium salt 2-24 (0.001 M) and tetra-n-butylammonium hexafluorophosphate-
acetonitrile ([Bu4N][PF6]-MeCN, 0.1 M) 
 
There were no obvious changes observed between the first and the second CV 
scans, such as a decrease in the diazo reduction peak usually observed on bare 
fibres, but at this low concentration of diazo salt, 0.001 M, changes are not always 
visible. It was noted that after the CV scans, the solution had turned quite yellow. 
This could potentially be due to the sizing which may not be stable under these 
electrochemical conditions so could be undergoing electrolysis itself. The solvent 
would also be able to dissolve the sizing, this removal of the sizing in situ would 
expose the bare carbon surface for the nitro diazo salt 2-24 to react with. Following 
treatment, the nitro functionalised carbon fibre mat 6-12 sample was dipped 
briefly in acetonitrile to remove excess reagents and set aside. 
The woven carbon fibre mat electrode modified as described above by 4-
nitrophenyl groups 6-12 was transferred to an aqueous solution (EtOH/ H2O 10/90 




v/v + 0.1 M KCl). The surface nitro groups 6-12 were reduced using cyclic 
voltammetry (CV), 2 sweeps from 0.4 to -1 V at a scan rate of 0.01 V/s. A potential 
of -1 V was then applied for a period of 5 min followed by cyclic voltammetry (CV), 
2 sweeps from 0.4 to -1 V at a scan rate of 0.01 V/s. The mat was then flipped over 
to expose the other side of the mat to the counter electrode and the CV/CA scans 
repeated on the other side. After completion of the reaction the amine 
functionalised carbon fibre mat 2-25 sample was dipped briefly in ethanol to 
remove excess reaction solution and set aside.  
 
Although the CV scans of the grafting reaction showed little change, the CV scans 
of the reduction reaction did show some differences. Redox peaks attributed to 
the surface nitro groups 6-12 were observed and these appeared to decrease upon 




Figure 6-26 Cyclic voltammogram of the nitro functionalised carbon fibre mat 6-
12 in an aqueous solution (EtOH/ H2O 10/90 v/v + 0.1 M KCl)  
 
A comparison of the surfaces of the woven carbon fibre mats showed no 
discernible differences between the untreated, nitro functionalised 6-12 and 




amine functionalised 2-25 samples (Figure 6-27). There was no apparent damage 
to the fibres either, such as loose or broken filaments and the samples appeared 




Figure 6-27 From left to right: pictures of untreated, nitro functionalised 6-12 and 
amine functionalised 2-25 woven carbon fibre mats 
 
To determine whether the treatments removed the sizing, half of each sample with 
minimal washing were set-aside for further analysis by XPS. Meanwhile, the 
remaining half of samples were subjected to thorough washing: soaking in 
acetonitrile (10 minutes × 3), then washing with more acetonitrile, chloroform and 
ethanol (1 × 50 mL each), before drying under reduced pressure for 24 hours. These 
samples were then also set-aside for XPS analysis to determine whether grafting 
and reduction reactions had been successful. The samples are summarised below 












Table 6-3 List of woven carbon fibre mat samples 
 





fibre mat, no 
wash  
 









fibre mat, washed  
 
Washed, so perhaps sizing 











carbon fibre mat 
6-12   no wash 
 
No wash so sizing may be 
present as well as residual 
reagents from the grafting 
treatment.  









carbon fibre mat 
6-12  washed 
 
Washed so sizing and residual 
reagents from the grafting 
treatment may be removed.  









carbon fibre mat 
2-25   no wash 
 
No wash so sizing may be 
present as well as residual 
reagents from the treatment.  










carbon fibre mat 
2-25  washed 
Electrochemically reduced 
amine sample of woven carbon 
fibre, washed so sizing and 
residual reagents from the 
treatment may be removed.  
























6.6.3 Chemical characterisation of the treated fibre mat using XPS 
 
The atomic ratios, X/C, determined via XPS analysis are presented below in Table 
6-4. Some key observations to note are the increase in nitrogen after the treatment 
which is not removed after washing as well as the decrease in silicon content after 
treatment and/or washing. The increase in nitrogen was consistent with what was 
expected as nitro and amine groups were being grafted to the surface. The silicon 
was likely to be associated with the sizing, which was easily removed after 
treatment and/or washing. These data suggested that the grafting was successful 
and that the sizing was also easily removed during the treatment. Trace amounts 
of fluorine were observed on the nitro functionalised 6-12 samples possibly from 
the tetra-n-butylammonium hexafluorophosphate ([Bu4N][PF6]) electrolyte used 
for this reaction which was not removed with washing. However, after the nitro 
reduction treatment, the amine functionalised 2-25 samples showed that this 
fluorine contaminant from the previous reaction had been removed, but 
potassium and chlorine content had increased. The presence of potassium and 
chloride was likely from the potassium chloride (KCl) electrolyte used for the 
reduction and once again these salts were difficult to remove even after thorough 
washing. The fact that these smaller ions were more difficult to remove could 
suggest that they were infiltrated in micropores of the carbon fibre, while larger 










































































































































































































































































































































































































































































High resolution spectra provided further information on functional groups present 
and oxidation state. The C 1s spectra of all six samples are shown below in Figure 
6-28. The untreated, unwashed woven carbon fibre mat sample C 1s spectra 
appeared to be remarkably different to the spectra of the other samples. The 
shoulder peak at lower binding energy, 281 eV, was indicative of a non-conductive 
material such as the sizing which was removed after treatment and/or washing. 
The smaller peaks at higher binding energies, 292 and 296 eV are not carbon but 




Figure 6-28 C 1s high resolution XPS spectra of the untreated, nitro 6-12 and 
amine 2-25 functionalised carbon fibre mat samples 
 
High resolution N 1s XPS spectra (Figure 6-29), revealed peaks corresponding to 
nitro groups at 406 eV for both nitro functionalised samples 6-12 whereas after 
reduction to the corresponding amine 2-25 samples, these peaks were no longer 
present. Washing the nitro functionalised 6-12 fibres did not remove the nitro 
group, suggesting that the molecule was indeed grafted to the surface. The other 
main peak at 400 eV corresponds to most other nitrogen-based groups such as 
amines. This peak at 400 eV also increased in the nitro functionalised 6-12 sample; 




it was thought that as the grafting was done under ambient conditions and 
therefore water was present, the nitro groups may have been reduced during the 
grafting step. The untreated, unwashed woven carbon fibre mat sample spectrum 
was markedly different from the other spectra in that a shoulder peak was 




Figure 6-29 N 1s high resolution XPS spectra of the untreated, nitro 6-12 and 
amine 2-25 functionalised carbon fibre mat samples 
 
The XPS data were consistent with successful surface grafting, nitro to amine 
reduction and removal of sizing during the treatment. 
 
6.7 Chapter Summary 
 
This chapter outlined initial optimisation of electrografting on carbon fibre tow and 
woven carbon fibre mat. Comparing thermal grafting with electrografting, it could 
be seen that the latter method had many advantages over the former including 
decreased reaction time, lower concentration solutions, improved grafting 
efficiency, greater surface coverage and increased IFSS. Comparisons between the 




optimised thermal grafting process and the optimised electrografting method on 
carbon fibre tow are summarised below in Table 6-5. 
 
Table 6-5 Summary comparison between thermal grafting and electrografting 
 
 Thermal  Electrografting  Δ 
Time (grafting & deprotection/reduction) 24.5 hours 8 minutes ↓ 
Concentration 0.014 M 0.001 M ↓ 
Surface grafting coverage (XPS X/C ratio) 0.037 0.057 ↑ 
IFSS +25% +172% ↑ 
 
The electrografting approach is much more applicable for industrial application as 
the shorter reaction times would allow for it to be adapted to a continuous reel-
to-reel lab-scale or even inline process using equipment already in place on 
industrial lines. Less product would go to waste as lower concentration solutions 
can be used and multiple batches can be treated in the same solution. 
 
The chapter also described the development of a method to treat woven carbon 
fibre mat using electrografting. In future this method could be scaled-up to treat 
larger pieces of mat for making composites. These composites may then undergo 
ILSS testing to determine the effect of surface functionalisation on composite 
performance. 
 
Because of the obvious merits of the electrografting method, from now the rest of 
the project focuses on using electrografting to modify the carbon fibre surface. 
Because of the increased surface coverage of this method, this has opened up new 
opportunities for surface modification for example the thiol-ene click reaction 
discussed in the next chapter. 
 
The work described in this chapter has been reported in the following publications:  
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fibre to enhance interfacial adhesion. Advanced composites Innovation 
Conference, (2016). 
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modification. React. Funct. Polym., Ahead of Print (2017). 
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Chemistry A 5, 11204-11213 (2017). 
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Demir, T. R. Walsh, E. H. Doeven, P. S. Francis, L. C. Henderson, Electrochemical 
surface modification of carbon fibres by grafting of amine, carboxylic and lipophilic 
amide groups. Carbon 118, 393-403 (2017).
Chapter 7: Tailoring the Fibre-to-Matrix Interface Using Thiol-Ene Click Chemistry 
on Carbon Fibre Surfaces 
232 
 
7 Tailoring the Fibre-to-Matrix Interface Using 
Thiol-Ene Click Chemistry on Carbon Fibre Surfaces 
 
Reductive electrografting of diazonium salts features again in Chapter 7. This 
chapter talks about taking on a modular approach to carbon fibre surface 
modification by first electrografting a synthetic handle and then using thiol-ene 
click chemistry to then attach new functionalities. An alkene diazo salt is 
synthesised and grafted before UV thiol-ene click reaction with a ferrocene thiol. 
Evaluation of the modified fibres via electrochemical measurements and XPS is 
then shown. 
 
7.1 Modular Approach to Carbon Fibre Surface Modification 
 
The current surface treatment process used in industry, electrolytic oxidation, is a 
one-size-fits-all approach. The resulting oxidised fibres are used with various 
matrices, some resins interacting better than others with the polar surface.94 In the 
previous chapters, amine functional groups have been introduced to the carbon 
fibre surface via surface grafting for interaction with epoxy resins, however other 
functional groups may just as easily be included instead. For instance, hydrocarbon 
chains may be grafted to the surface for interaction through chain entanglement 
with non-polar matrices such as polypropylene. The idea in previous work was for 
specific surfaces for particular resins e.g. amine-epoxy, rather than a general 
treatment which works well for some resin matrices but not so well for others. 
Nevertheless, it could be possible to achieve both a versatile surface and specific 
fibre to resin compatibility by taking a modular approach. 
 
The modular approach to carbon fibre surface modification would first involve 
grafting a synthetic handle to the fibre surface, which could later be manipulated 
by attaching a huge variety of functional groups tailored for interaction with the 
desired resin. It would essentially be a two-step surface treatment process so two 
fast, efficient reactions are required.  
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Figure 7-1 Modular approach to carbon fibre surface modification, where X = 
synthetic handle and R = functional group for resin interaction 
 
In the previous chapter, electrografting was identified as a fast, efficient way to 
graft to the surface, so the synthetic handle could be introduced this way. Next, 
attaching the functional group to this handle could utilise a “click” reaction. 
 
7.1.1 “Click chemistry” 
 
Click chemistry, according to Sharpless et al.,195 is a synthetic strategy involving a 
few good reactions. The approach joins together small subunits via heteroatom 
links (C-X-C) using powerful, highly reliable and selective reactions for the rapid 
synthesis of new compounds. A set of criteria must be met by a reaction in order 
for it to qualify as a click reaction. These criteria include: 
 
• Reaction must be modular 
• Wide in scope and functional group tolerance 
• Very high yields (typically > 80%) 
• Generate no harmful side products 
• Easy to purify 
• Simple reaction conditions 
• Readily available starting materials and reagents 




Treatment 1 Treatment 2
Carbon Fibre
X X
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Click reactions achieve their characteristically rapid speed by having a high 
thermodynamic driving force and thus proceed rapidly to completion to give a 
single product. Some common examples of click reactions from the following 
classes of chemical transformations are given below: 
 
• Cycloadditions of unsaturated species e.g. azide-alkyne 1,3-dipolar 
cycloaddition 
• Nucleophilic substitution chemistry e.g. ring opening of strained epoxides 
• Carbonyl chemistry of the “non-aldol” type e.g. amide bond formation 
• Additions to carbon-carbon multiple bonds e.g. thiol-ene reaction195 
 
In terms of taking this modular, click chemistry approach on carbon surfaces, some 
work has already been done using azide-alkyne 1,3-dipolar cycloaddition. 
 
7.1.2 Azide-alkyne click reaction 
 
The azide-alkyne 1,3-dipolar cycloaddition (Scheme 7-1) is a cycloaddition between 
an azide 7-1 and alkyne 7-2 to give a mixture of 1,4 and 1,5 disubstituted 1,2,3-
triazoles 7-3 and 7-4. With a copper(I) catalyst, the 1,4-regioisomer is formed as 




Scheme 7-1 Azide-alkyne 1,3-dipolar cycloaddition 
 
This copper-catalysed reaction has been used by Kabiri et al. to attach together 
graphene oxide (GO) and nanocrystalline cellulose (NCC) for the purpose of making 
stable aqueous dispersions of reduced graphene oxide. The functionalised, 













1,4-triazole 7-3 1,5-triazole 7-4
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azide-functionalised graphene oxide and terminal propargyl-functionalised 
nanocrystalline cellulose followed by reduction (Figure 7-2). The overall synthesis 
involved a number of steps, beginning with reaction of graphene oxide and 2-
chloroethyl isocyanate for 24 hours to give the chlorinated product. Next, azidation 
was achieved over 48 hours using sodium azide (NaN3) to yield the azide 
functionalised graphene oxide. The nanocrystalline cellulose was reacted with 
propargyl chloride  for 96 hours giving the propargyl-functionalised nanocrystalline 
cellulose, which was then reacted with azide functionalised graphene oxide in a 
copper(I)-catalysed click reaction. The click reaction was undertaken at room 
temperature for 52 hours, which was then proceeded by a 36 hour long reduction 




Figure 7-2 Nanocrystalline cellulose functionalised, reduced graphene  
oxide 7-5197 
 
The surface to be grafted to may be functionalised with either an azide, as in the 
above example, or an alkyne. In another study by Huang et al., multi-walled carbon 
nanotubes (MWCNTs) were functionalised with alkyne functional groups before 
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azide derivative (Figure 7-3). The complete synthesis involved a number of steps; 
beginning with in situ diazo formation and thermal grafting of 4-
(aminomethyl)aniline over 10 hours to obtain amine functionalised carbon 
nanotubes. An amide coupling between the amine functionalised carbon 
nanotubes and propiolic acid over 48 hours introduced alkyne groups to the 
surface. The amide coupling was then followed by the click reaction with the azide 
derivative over a period of 24 hours to yield the triazole product. The azide 
derivative possessed terminal hydroxyl groups for in situ polymerisation with 
isocyanate-terminated polycaprolactone diol to afford polyurethane grafted 
carbon nanotubes 7-6 after a 24 hour reaction time. Although not quantified, the 
authors concluded that the approach could improve interactions between the 




Figure 7-3 Polyurethane grafted carbon nanotubes 7-6198 
 
Another click chemistry approach which has been adapted for surface 
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7.1.3 Thiol-ene click reaction 
 
The thiol-ene reaction is most frequently photoinitiated and the ability to 
selectively alter surfaces simply by light exposure has made the thiol-ene a popular 
surface modification reaction. The mechanism of the radical thiol-ene is outlined 
below in Scheme 7-2 involving an anti-Markovnikov addition of the thiol 7-7 to the 
alkene 7-8. The free-radical addition may be initiated by light, heat, radical 
initiators or a combination, which form a thiyl radical species 7-9. This radical 7-9 
then reacts with the alkene 7-8, forming a carbon-centred radical 7-10, which can 




Scheme 7-2 Radical thiol-ene click reaction199 
 
Thiol-ene click chemistry was exploited by Zhang et al. to immobilise cysteine-
tagged dehydrogenase enzymes onto carbon electrodes (glassy carbon and carbon 
felt) to achieve a bioelectrode (Scheme 7-3).200 Electrografting was combined with 
click chemistry in this example; first, the electrode was modified with vinylphenyl 
groups 7-12 by electrochemical reduction of the corresponding diazo salts 
generated in situ from 4-vinylaniline. The electrografting was then followed by 
thiol-ene click reaction, with either 6-(ferrocenyl)hexane thiol or the desired 
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Scheme 7-3 Schematic view of the synthetic route followed for the 
functionalization of the carbon electrode surface with thiol-containing proteins 7-
13 by combination of diazonium salt electrografting and thiol−ene click 
chemistry200 
 
The approach was first tested with the 6-(ferrocenyl)hexane thiol as a model and 
click reaction and success was supported by XPS and CV detection of ferrocene. In 
the CV scan, a quasi-reversible electrochemical signal was observed centred at 
+0.25 V vs. Ag/AgCl, consistent with the presence of ferrocene on the electrode 
surface. High resolution XPS scan of the Fe 2p region of the ferrocene modified 
electrodes displayed two sharp peaks at 708.1 eV and 721.10 eV attributed to Fe 
2p3/2 and Fe 2p1/2 respectively.201 Sulphur was also detected using XPS, with the 
signal centred at 163 eV and attributed to the presence of the –C-S-C linkages on 
the surface.200 
 
Another example of surface thiol-ene click chemistry is a study by Vautard et al. 
who took the inverse approach by grafting thiol groups to the surface of carbon 
fibres 7-14 (by reacting the oxidised fibres with propylene sulphide at 90 ˚C for 10 
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Scheme 7-4 Generation of covalent bonding at the interface of carbon fibre-vinyl 
based thermoset via grafted thiol groups 
 
The carbon fibres functionalised with thiol groups 7-14 were combined with an 
acrylate matrix 7-15 and photo-cured by UV light mediated thiol-ene click reaction. 
To introduce the thiol groups to the surface, the oxidised, unsized carbon fibres 
were reacted with propylene sulphide and triethylamine present at 90 °C for 10 
hours. Analysis by XPS after grafting showed an increase of the concentration of 
sulphur. The thiol functionalised fibres 7-14 were then combined and cured with 
acrylate monomer 7-15 using UV light and photoinitiator 2-hydroxy 2-methyl 
propiophenone. A temperatre of 90 °C was maintained during the 2 hour cure time 
for the single fibre pull-out samples. As only a single fibre was cured in the matrix, 
the UV light source was sufficient, however as noted by the authors, UV light 
cannot be used for curing thick carbon fibre composites, however larger 
composites could be cured by electron beams which would initiate identical radical 
polymerisation in the matrix. A significant improvement of interfacial shear 
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The above examples each include considerably long reaction times and a number 
of steps to get to the desired product. In contrast to this, azide-alkyne click 
chemistry on carbon fibre surfaces has been undertaken within the Henderson 
research group for the purpose of improving interfacial adhesion. In the study by 
Servinis et al., alkyne functional groups were electrografted onto carbon fibre 
surfaces 7-17 (~30 second process) and then modified via copper-catalysed click 




Figure 7-4 Selection of surface grafted functionalities achieved via click 
reaction192 
 
An azido-ferrocene was clicked to the surface in this fashion as a redox probe to 
study reaction success and quantify surface coverage. The ferrocene moiety on 7-
18 was detected using XPS as well as cyclic voltammetry. Surface coverage will be 
discussed in more detail in Chapter 8.  Next, a selection of azides including aniline 
and amine azides 7-19 and 7-20 were clicked to the surface and the fibre/matrix 
adhesion of the modified fibres evaluated. The best result was achieved for the 
more rigid aniline sample 7-19 where a 220% increase in IFSS was observed (Figure 
7-4).192 
 
The process was very quick; ~30 seconds for grafting of the alkyne and 2 hours for 
the click reaction,192 substantially more streamlined than the previously discussed 
examples. To compliment this recent azide-alkyne click reaction work from our 
Carbon fibre Surface
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research group, a study into thiol-ene click reaction on carbon fibres was 
undertaken concurrently and will be the focus of this chapter. 
 
In contrast to the azide-alkyne work which utilises heat energy for the click reaction 
to proceed, the UV thiol-ene click reaction was chosen for this study. The approach 
would utilise electrografting of alkene diazo 7-23 to functionalise the carbon fibre 
surface with alkene functional groups 7-24 (Scheme 7-5). Then, this would be 
followed by UV thiol-ene click reaction with the desired thiol. As a proof-of-
concept, 11-(ferrocenyl)undecanethiol 7-25 was chosen as the detection of the 
ferrocene via either XPS or CV would support grafting success. Then after reaction 
success had been indicated, an appropriate amine functionality could be 





Scheme 7-5 Modular approach to carbon fibre surface modification: 
electrografting proceeded by UV thiol-ene click reaction 
 
The thiol compounds were already commercially available, while the alkene diazo 
7-23 for attachment to the carbon fibre surface was synthesised in-house. 
 
7.2 Synthesis of Alkene Diazo 
 
The alkene diazo 7-23 for attachment to the fibre surface was synthesised over 
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proceeded in excellent yield (87%). The Boc-protected product 7-28 was then 
coupled with allylamine 7-29 and the resulting amide 7-30 was obtained in 
moderate yield (55%). Deprotection yielded the free amine product 7-31 and 




Scheme 7-6 Synthetic pathway for the synthesis of alkene diazo 7-23 
 
7.3 Model UV Thiol-Ene Click Reaction 
 
A UV torch was purchased as the light source for the UV thiol-ene click reaction. 
The light was tested using a charge coupled device (CCD) spectrometer and 
emission wavelength found to be 373.75 nm, within the UV range. Before applying 
to surface thiol-ene click, the reaction was first tested using the UV torch for a 
solution thiol-ene click. Boc-protected alkene 7-28 was chosen as a model for the 
surface-bound alkene 7-24. The thiol chosen was octanethiol 7-32, as large 
amounts of this were readily available in house (Scheme 7-7). The reaction was 
initiated using the UV torch and photoinitiator 2,2-dimethoxy-2-
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conditions were adhered to and the reaction de-gassed prior to UV exposure. The 





Scheme 7-7 Solution UV thiol-ene click reaction 
 
Shown below in Figure 7-5 are the overlayed 1H NMR spectra of the alkene starting 
material 7-28 and click product 7-33. A few things to note are the signals at 5.95 
Hz and 5.22 Hz in the alkene starting material 7-28 spectrum which are not present 
in the click product 7-33 spectrum. These signals correspond to the alkene protons 
of the starting material and as expected appear as new methylene signals down at 
2.62 Hz and 1.92 Hz after the reaction. The allylic proton signal from the starting 
material appears at 4.08 Hz but after the reaction these protons shift down to 3.57 
Hz. In the click reaction product spectrum, the long alkyl chain protons are present 
at 1.26 Hz and the terminal methyl group at 0.87 Hz. The NMR spectra are 
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Figure 7-5 Overlaid 1H NMR spectra of the alkene starting material 7-28 and click 
product 7-33 
 
With the UV thiol-ene click reaction in solution established, the next step was to 
functionalise the carbon fibre with alkene functional groups 7-24 in preparation for 
surface thiol-ene click reaction. 
 
7.4 Electrografting Alkene Diazo 
 
The alkene diazo 7-23 was electrografted on to the carbon fibre surface in 
accordance with the previously described methodology (Chapter 6, section 6.3). 
Briefly, 5 mM of alkene diazo 7-23 was dissolved in 0.1 M tetra-n-butylammonium 
hexafluorophosphate-acetonitrile ([Bu4N][PF6]-MeCN) and the fibre functionalised 
using cyclic voltammetry (CV), 2 sweeps from 1 to -1 V at a scan rate of 0.1 V/s 
(Scheme 7-8). Nitrogen was bubbled through the solution during the experiments 
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Scheme 7-8 Surface attachment of alkene diazo salt 7-23 
 
Shown below in Figure 7-6 is the corresponding CV, displaying the typical grafting 
behaviour of diazo salts; a broad reduction peak on the first scan which is not 




Figure 7-6 Cyclic voltammogram of the carbon fibres in a solution of nitro 
diazonium salt 7-23 (0.005 M) and tetra-n-butylammonium hexafluorophosphate-
acetonitrile ([Bu4N][PF6]-MeCN, 0.1 M) 
 
Following treatment, the fibres were washed according to the previously outlined 
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7.5 UV Thiol-Ene Click Reaction: Surface 
 
With the surface prepared with alkene functional groups 7-24, the next experiment 
to be undertaken was the surface UV thiol-ene click reaction with 11-




Scheme 7-9 Surface UV thiol-ene click reaction 
 
A small sample (10 mg) of alkene functionalised fibre 7-24 was cut and set aside. A 
Schlenk tube was used for the reaction as the shape of the vessel allowed the fibres 
to be suspended midway down the tube, above the stirrer bar (Figure 7-7). The 
reaction mixture containing 11-(ferrocenyl)undecanethiol 7-25, DMPA and the 
alkene functionalised fibres 7-24 in dry THF was degassed prior to UV exposure. 
The reaction was covered in aluminium foil and left stirring under a nitrogen 
atmosphere for 2 hours. After this time, the reaction solution was decanted and 
the fibres thoroughly washed, according to the previously outlined protocol 
(Chapter 3, section 3.3). The fibres were then dried under reduced pressure for 24 
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Figure 7-7 Set-up for surface UV thiol-ene click reaction 
 
Next, a control sample was prepared by repeating the same procedure as above, 
but instead of using alkene functionalised fibre 7-24, untreated fibres were 
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Scheme 7-10 Surface UV thiol-ene click reaction control 
 
The carbon fibre surface is rich in π bonds, so there exists the possibility that the 
thiyl radical not only reacts with the surface-grafted alkene 7-24 but also with the 
carbon fibre surface itself. This has been exploited previously; Iskin et al. 
synthesised polystyrene-fullerene (C60) conjugates via thermal thiol-ene click 
reaction directly with the fullerene surface101 and Zabihi et al. attached 2-
aminoethanethiol directly to the surface of multi-walled carbon nanotubes also 
with thermal thiol-ene click reaction.203 Though this may be more facile as these 
systems possess distorted aromatic rings and thus may undergo reaction to relieve 
strain. So, the two samples were prepared for analysis, control 7-35 and thiol-ene 
click 7.34, to determine if the click reaction was successful and to see which surface 
was more preferred by the thiyl radical; the π bond rich bare carbon fibre surface 
or the alkene functionalised surface 7-24. 
 
7.6 Electrochemical Characterisation of the Treated Fibres 
Using CV 
 
Small probes were prepared from each sample for electrochemical analysis. The 
samples were scanned at a slow scan rate (0.01 V/s, 0 to 1 V) to reveal any 
ferrocene redox present. Unfortunately, no ferrocene redox activity could be seen 
for the “ene” click product 7-34 (Figure 7-8). 
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Figure 7-8 Cyclic voltammogram of the “ene” click product 7-34 carbon fibres in a 
solution of tetra-n-butylammonium hexafluorophosphate-acetonitrile 
([Bu4N][PF6]-MeCN, 0.1 M) 
 
However, the click control carbon fibres 7-35 did appear to show a small amount 
of ferrocene redox activity  centred at + 0.4 V vs. Ag/AgCl in the CV scan, indicating 
the click reaction had been marginally successful (Figure 7-9).  
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Figure 7-9 Cyclic voltammogram of the click control 7-35 carbon fibres in a 
solution of tetra-n-butylammonium hexafluorophosphate-acetonitrile 
([Bu4N][PF6]-MeCN, 0.1 M) 
 
At this point it appeared that the UV thiol-ene click reaction with the installed 
surface alkene groups 7-24 had not been successful, while the reaction with the 
bare carbon fibres had worked. To confirm this, further XPS analysis was required.  
 
7.7 Chemical Characterisation of the Treated Fibres Using XPS 
 
The XPS atomic ratios, X/C, for all four samples (untreated, alkene functionalised 
7-24, “ene” click 7-34 and click control 7-35) were analysed and are presented 
below in Table 7-1. Alkene functionalised fibre 7-24 showed increases in both N 
and O ratio, so did the corresponding “ene” clicked sample 7-34, the amide bond 
from the surface grafted molecule could explain these increases. In agreement 
with what was observed electrochemically, there was more iron present in the click 
control sample 7-35, but overall there was not very much signal. Interestingly, the 
sulphur content was very low considering that even if the reaction had not worked 
i.e. 11-(ferrocenyl)undecanethiol 7-25 was simply absorbed onto the surface, then 
it was expected that the sulphur content would be similar to the iron content. 
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However, considering that XPS is a surface-sensitive technique, where the signal at 
0 nm sampling depth is strongest and becomes attenuated up until a sampling 
depth of 10 nm, could explain why the iron signal would be higher than the sulphur 
if the molecule was attached in the proposed manner. The sulphur signal of the 
“ene” click 7-34 was below the detection limits of the instrument, which was 
understandable considering the already low iron content observed by XPS and CV 
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The high resolution C 1s spectra revealed some interesting changes. The alkene 
functionalised fibre 7-24 and corresponding “ene” clicked sample 7-34 both had 
small shoulder peaks at 288 eV, corresponding to an amide functional group, 
consistent with the proposed surface bound structures (Figure 7-10). Click control 
7-35 had a small shoulder peak at 281 eV and this lower binding energy would 





Figure 7-10 C 1s high resolution XPS spectra of the untreated, alkene 
functionalised 7-24, “ene” clicked 7-34 and click control 7-35 fibre 
 
The high resolution N 1s spectra for the alkene functionalised fibre 7-24 and 
corresponding “ene” clicked sample 7-34 both revealed increased nitrogen signal 
at a lower binding energy which could again be attributed to the amide functional 
groups present on these samples (Figure 7-11). 
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Figure 7-11 N 1s high resolution XPS spectra of the untreated, alkene 
functionalised 7-24, “ene” clicked 7-34 and click control 7-35 fibre 
 
The presence of the amide functional groups for the alkene functionalised fibre 7-
34 and corresponding “ene” clicked sample 7-34 was also evident in the high 
resolution O 1s spectra; both samples showed increased oxygen signal at a lower 
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Figure 7-12 O 1s high resolution XPS spectra of the untreated, alkene 
functionalised 7-24, “ene” clicked 7-34 and click control 7-35 fibre 
 
Finally, the Fe 2p high resolution spectra were analysed for both UV thiol-ene click 
samples (“ene” click 7-34 and click control 7-35) (Figure 7-13). As expected, iron 
content in both cases was low, especially the “ene” click 7-34. Two peaks were 
displayed at 724 and 711 eV, attributed to the Fe 2p1/2 and Fe 2p3/2 respectively.201 
Unusually, the click control sample 7-35 showed the appearance of small shoulder 
peaks at lower binding energies (721 and 708 eV) for each main peak. These peaks 
at lower binding energies in the Fe 2p spectrum indicate elemental iron, Fe0 as 
opposed the Fe2+ (ferrocene). 
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Figure 7-13 Fe 2p high resolution spectra 
 
In conclusion, the XPS results provided evidence of successful electrografting of the 
alkene diazo 7-23. However in agreement with the electrochemical measurements, 
the UV thiol-ene click reactions were only mildly successful, with the reaction 
performing marginally better on the bare carbon fibre surface 7-35. The reason for 
this lack of success is unknown and requires more investigation. 
 
7.8 Chapter Summary 
 
This chapter investigated a novel, modular approach to carbon fibre surface 
modification. Despite successful grafting of the alkene functionality 7-24, the 
following UV thiol-ene click reaction attachment of 11-(ferrocenyl)undecanethiol 
7-25 showed minimal success. Despite this, the reaction actually proceeded better 
on the bare carbon fibre surface, indicating that grafting alkene groups 7-24 to the 
surface was not necessary, so perhaps this reaction could be done in one step 
instead of two. As this was the first time this reaction has been applied to carbon 
fibre, more optimisation would be required to increase the success rate. Perhaps a 
more powerful UV source could be used or thermal thiol-ene click reaction could 
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be tried. Nevertheless, the thiol-ene click reaction has scope to be further 
developed in future work. 
 
In finishing, this chapter looked at using a novel surface modification strategy while 
the following chapter will study a novel analysis technique: solid state nuclear 
magnetic resonance (NMR) spectroscopy to detect surface grafted molecules. 




8 Analysing Surface Functionalised Carbon Fibres 
Using Solid State NMR Spectroscopy 
 
Chapter 8 looks at using solid state nuclear magnetic resonance (NMR) 
spectroscopy, in a novel application; analysing surface functionalised fibres. Fibres 
electrografted grafted with 19F or 15N tagged diazo salts were subjected to solid 
state NMR spectroscopic experiments. The 19F experiments were used to quantify 
surface grafting, while the 15N functionalised fibres were intended to allow their in 
situ cure with epoxy resin to be monitored. The outcomes are reviewed and 
experimental challenges discussed. 
 
8.1 Solid State Nuclear Magnetic Resonance (NMR) 
Spectroscopy: A Novel Technique to Analyse Surface 
Functionalised Carbon Fibres 
 
For this study, the aim was to investigate the applicability of solid state NMR 
spectroscopy as a novel technique to analyse surface functionalized carbon fibres. 
Solid state NMR spectroscopy is generally not used to study conductive materials 
such as carbon fibre. This is especially true of surfaces for these conductive 
materials due to experimental challenges such as signal broadening and low signal 
intensity. Before presenting the results from the solid state NMR spectroscopic 
studies, some theory of NMR spectroscopy will be presented and some background 
on how solid state NMR spectroscopy has been applied to materials such as 
composites. 
 
8.2.1 Principles of NMR spectroscopy 
 
For chemists, NMR spectroscopy is the method of choice for structure 
determination. The physical foundation of NMR spectroscopy is the magnetic 
properties of atomic nuclei.204 Some nuclei are magnetic and thus possess a 
magnetic moment µ and spin angular momentum P  (Figure 8-1).183  
 






Figure 8-1 Some nuclei have a magnetic moment µ and spin angular momentum 
P. The direction of P is usually in the same direction as µ except for 15N and 29Si183 
 
In the presence of a static magnetic field B0, the magnetic moment precesses 
around the field.183 The frequency at which the magnetic moment precesses is 
known as the Larmor frequency: 
 
𝜔𝜔0 = −𝛾𝛾𝐵𝐵0    Equation 8-1 
 
Where ω0 is the Larmor frequency and γ is the gyromagnetic ratio, which is fixed 
for each isotope.183 As nuclei are small, they obey rules of quantum physics.116 This 
means that the angular momentum is quantised so that there are a number of 
possible orientations of the angular momentum and magnetic moment in the 
magnetic field. Protons and 13C nuclei, have two values (+ ½ and – ½) or possible 






Figure 8-2 In a magnetic field B0 the magnetic moment precesses around the field 








m = + 1/2 (α)
m  = - 1/2 (β)




As well as having possible orientations, these nuclei also show two energy states 
in the magnetic field. For protons and 13C nuclei there are two energy states; m = 
+ ½, µz parallel to the field direction or m = - ½, µz is antiparallel. In the abscence of 
a magnetic field, the energy states have the same energy, so they are degenerate. 
When an external magnetic field (B0) is applied to nuclei, the energy levels of these 
nuclei are split, resulting in a bulk magnetisation M parallel to B0 (Figure 8-3), i.e. 






Figure 8-3 Energy levels of the nuclei are split resulting in bulk magnetisation M183 
 
In an NMR spectroscopic experiment, these transitions are irradiated with a 
radiofrequency (RF) pulse, causing the energy populations to equalise and M will 
be tipped away from the z-axis into the direction of the y-axis, before relaxing back 
to equilibrium. The signal of the precessing magnetisation is detected immediately 
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of a cryogenically cooled, superconducting wire which creates the magnetic field 
into which the RF coil (transmitter and receiver) and sample are inserted.183 
 







3. Precessing transverse 
magnetisation 
 





Figure 8-4 Basic NMR experiment183 
 
This signal detected from the coil of wire is converted by Fourier transformation 
into a frequency-domain spectrum (Figure 8-5), resulting in the routinely observed 




























Figure 8-5 A Fourier transformation (FT) converts the signal into a frequency-
domain spectrum 
 
The shape and position of the peak is affected by the local environment of the 
nuclei due to various interactions. These interactions include chemical shielding 
and dipole coupling. Chemical shielding is the effect of electron clouds on the 
nucleus and gives rise to the chemical shift, the position of the peak. Dipolar 
coupling occurs as magnetic nuclei have their own magnetic fields and these 
magnetic nuclei can interact with each other. Dipolar coupling can also affect the 
position of the peaks. In solid state NMR spectroscopy (discussed in the next 
section 8.2.2), these interactions affect the peak positions and therefore the 
overall peak shape.205 
 
After the 90° RF pulse, the nuclei relax back to thermal equilibrium and this 


























Only the transverse component of the magnetisation vector M is detected, so a 90° 
tip angle therefore gives maximum signal. However, if the magnetisation vector M 
is not fully relaxed before the application of the next 90° pulse i.e. Mz ≠ M0, then 
the signal will be decreased.204  
 
Signal strength of the NMR signal depends on a number of factors, but as a general 
rule of thumb: 
 
𝑆𝑆𝑆𝑆𝑔𝑔𝑡𝑡𝑡𝑡𝜏𝜏 𝑠𝑠𝑡𝑡𝑠𝑠𝑒𝑒𝑡𝑡𝑔𝑔𝑡𝑡ℎ ∝ 𝛪𝛪(𝛪𝛪 + 1)𝛾𝛾3𝐵𝐵02    Equation 8-2 
 
Where Ι is the angular momentum quantum number of the nuclide, γ is the 
gyromagnetic ratio of the nuclide and B0 is the magnetic field strength. Therefore, 
the gyromagnetic ratio and magnetic field strength have a big influence on 
detection sensitivity of a nuclide in the NMR spectroscopic experiment.204 This is 
related to the populations of the energy levels, if we represent the number of 





= 1 −  𝛾𝛾 ℏ 𝐴𝐴0
𝑘𝑘𝐵𝐵 𝑇𝑇     Equation 8-3 
 
Where γ is the gyromagnetic ratio of the nuclide, ħ is the Planck constant (6.6261 
× 10-34 m2 kg s-1), B0 is the magnetic field strength, kB is the Boltzmann constant 
(1.3805 × 10-23 J K-1) and T is the absolute temperature in K. As γ and B0 increase, 
so too does the population in the lower energy level, Nα and bulk magnetisation M 
increases (Figure 8-3).183 Generally, nuclides with a large value of γ are said to be 
sensitive (i.e. easy to observe). Signal strength will also depend on amount of 
sample, more specifically the amount of magnetically active nuclei. For example, 
the 12C isotope of carbon is not magnetically active but is around 99% naturally 
abundant, while 13C is magnetically active and only about 1% abundant. 
Nevertheless, it is possible to purchase isotope enriched materials.204   
 
 




8.2.2 Solid state NMR spectroscopy 
 
Many kinds of materials are unable to be studied in solution as they are not soluble. 
Solid state NMR spectroscopy is different to solution state NMR spectroscopy in 
that anisotropic (orientation-dependent) interactions like chemical shift, 
quadrupolar or dipolar couplings are not averaged by rapid molecular motion like 
in solution state NMR spectroscopy. The result is broad peaks and to improve the 
resolution a number of special techniques can be used including magic-angle 
spinning (MAS), cross polarisation (CP) and high power decoupling. Many of these 
interactions have a common orientation dependence with respect to B0, with the 




(3cos2𝜃𝜃 − 1)    Equation 8-4 
 
The time average for this function for the random motions of molecules in solution 
state is zero. In solid state NMR spectroscopy, any interactions depending on this 
function are reduced to zero when the θ = 54.7°, commonly referred to as the 
magic-angle.206 Therefore, anisotropic interactions may be effectively reduced by 
spinning the sample at 54.7° relative to the external field B0. MAS also works for 
dipolar couplings, strong dipolar couplings need very fast MAS for sufficient 













Figure 8-7 a) 13C spectra of alanine in the solid (upper trace) and in solution 
(lower trace) and b) 207Pb solid state spectra of lead nitrate under static (upper 
trace) and MAS (lower trace) (spinning sidebands marked *)206  
 
MAS does not always completely remove anisotropic interactions and this can be 
seen as spinning sidebands in the spectrum (Figure 8-7 b). Spinning sidebands 
appear as small peaks either side of the main isotropic peak at integer multiples of 
the spinning speed.205 
 
Dipolar couplings may be used to transfer magnetisation from abundant nuclei to 
less sensitive nuclei to enhance their signal using cross polarisation (CP). CP is 









however result in signal splitting, the result being a broader peak with lower 
intensity. Decoupling will remove the splitting to gain a single narrower, more 
intense peak.206 Decoupling is achieved by applying selective RF pulses during the 
NMR spectroscopic experiment.183 CP and decoupling are often used together in 
the same NMR spectroscopic experiment; a CP pulse sequence is followed by a 
decoupling pulse to achieve a narrow, enhanced signal. In other words, using the 
dipolar coupling to enhance signal and then ‘turning it off’ again to limit signal 
broadening. 
 
8.2.3 Practical examples of solid state NMR spectroscopy 
 
Many polymers are largely insoluble and not amenable to solution state analysis, 
so solid state NMR spectroscopy is commonly used to study polymers.207 Solid state 
NMR spectroscopic techniques such as relaxation studies,208 spin diffusion 
measurements209 and less commonly high-resolution spectra210 have been used to 
characterise polymer structure.211 One study by Scheler et al. used solid-state NMR 
spectroscopy for in situ investigation of polymers under mechanical stress by 
monitoring T2 relaxation times and dipolar couplings.212  
 
Also, in situ cure of the resin can be monitored as demonstrated by Wiggins et al.213 
In the study, 13C and 15N isotope-labelled amines were used to monitor cure 
kinetics of aerospace epoxy resins by in situ variable temperature NMR 
spectroscopy.  Chemical shift changes in the 13C spectra could be observed when 
the 15N labelled amine reacted with the 13C labelled epoxy to become secondary 
and/or tertiary. Peaks corresponding to reacted species could be integrated against 
the peaks corresponding to the unreacted species to determine the percent 
conversion of epoxide and amine. The signal to noise ratio in the 15N spectra was 
not adequate to allow for any detailed conclusions, perhaps due to a low level of 
15N in the 5% 15N labelled amine sample.213 
 
A study by Lu et al. studied the cure of 13C labelled aromatic cyanate esters (CE) at 
the resin/fibre interphase and interface region of carbon fibres. NMR spectroscopic 




studies on carbon fibre composites has the added difficulty from the electrical 
conductivity of the continuous fibres which severely attenuates the radio 
frequency magnetic fields being applied and detected during the NMR 
spectroscopic experiment.214 To overcome the problem of the carbon fibres 
conductivity, the cured carbon fibre composite was ground to a powder and 
diluted with a non-conducting medium, talc. The study did not intend to monitor 
interaction between carbon fibre and resin, but instead the cure reaction of the 
resin itself in the presence of the fibre. The results from the work when compared 
to samples of pure polymer matrices, showed that the resin in the presence of the 
fibre undergoes the same reaction mechanism and presumably forms the same 
structure at the interphase region of the carbon fibre reinforced polymer.215 
 
To the best of our knowledge, studies on surface functionalised carbon fibres have 
not yet been undertaken. The closest work which has been done was on 
functionalised carbon nanotubes by Abou-Hamad et al. CNTs functionalised with 
sulphonated polyether-ether-ketone (SPEEK) were investigated using 1H and 13C 
solid state NMR spectroscopic experiments, revealing diamagnetic shifted lines for 
the attached polymer as an affect from the magnetic ring currents originating from 
the surface of the graphitized walls of the CNTs (Scheme 8-1).216 
 






Scheme 8-1 Synthesis scheme of SFNT: functionalisation of multiwalled CNTs with 
SPEEK216 
 
The diamagnetic (up-field shift, more shielded) is expected for CNTs while C60 with 
its five-membered rings exhibits paramagnetic (signal shift down-field, de-



















The use of high-resolution 19F spectra for studying solids containing both fluorine 
and hydrogen has been underutilised. Since the early days of NMR, 19F has been 
recognised as one of the most useful nuclei, owing to the fact that it is present in 
100% natural abundance, has a high resonance frequency, spin quantum number 
of ½, favourable sensitivity in the NMR spectroscopic experiment and excellent 
chemical shift range.218 An interesting example on the use of quantitative 19F NMR 
spectroscopy on carbon fibres was outlined in a recent study by Kim et al.194 That 
work involved quantitative analysis of BF4- ions infiltrated into micropores of 
activated carbon fibre (ACF) electrodes using 19F NMR spectroscopy and a 
polytetafluoroethylene (PTFE) internal standard. As a known amount of PTFE was 
added to the sample, the area under each peak could be calculated to determine 
the amount of BF4- ions inside and outside the pores. Anions located inside and 
outside the pores were differentiated based on chemical shift. Diamagnetic 
shielding from graphene inner walls caused an upfield shift of the anions located 
inside the pores (Figure 8-8). Measured concentrations of BF4- ions in and outside 




Figure 8-8 19F NMR spectrum of ACFs showing PTFE internal standard, free BF4- 
and infiltrated BF4-194 




8.3 Thermal Functionalised Fibres 
 
Initially, NMR spectroscopic experiments were undertaken on samples of thermal 
functionalised carbon fibres. Solid state NMR spectroscopy, like XPS can give 
information on what functional groups are present in the sample and in what 
amount. The use of solid state NMR spectroscopy to analyse surfaces is a novel 
characterisation technique and so experimental optimisation was required. 
Samples were packed into either 2.5 mm or 4 mm diameter rotors (Figure 8-9) 




Figure 8-9 Solid state NMR rotors 
 
8.3.1 13C, 1H and 19F spectra of thermal functionalised carbon 
fibres 
 
A sample of oxidised and unfunctionalised carbon fibre was packed into a 4 mm 
rotor, the 13C spectrum is shown below in Figure 8-10, showing one very broad 
peak ~ 40-140 ppm for all the carbons present in the sample.  
 






Figure 8-10 13C NMR spectrum of oxidised and unfunctionalised carbon fibre, 4 
mm MAS HFX probe, 6 kHz spinning speed and direct carbon excitation. Dotted 
lines indicate typical window used by organic chemists 
 
Broad peaks are a common feature of solid state NMR spectra, and there are many 
carbons present in the sample, all in similar environments. The 13C spectra shown 
above was achieved with MAS at a spinning speed of 6 kHz and through direct 








To achieve faster spinning speeds, a sample of thermal functionalised carbon fibre 
2-19 was packed into a smaller 2.5 mm rotor (smaller rotors can be spun faster) 
and the 1H NMR spectrum recorded (Figure 8-11). Again, a single broad peak 
encompassing all the proton environments in the sample was seen, making it 
impossible to distinguish the 1H signal coming from the grafted linker molecules 
from the rest of the 1H signal coming from the bulk of the carbon fibre itself.  
 
Figure 8-11 1H NMR spectrum of functionalised carbon fibre, 2.5 mm MAS HFX 
probe and 20 kHz spinning speed. Dotted lines indicate typical window used by 
organic chemists 
 
As with the carbon spectra, there are also many hydrogens present in the carbon 
fibre itself, all in similar environments contributing to the broad signal. To simplify 
the spectrum, as with the XPS studies, fluorine was chosen as the nuclei of interest, 
as fluorine is not a native species on the fibre surface, so the only fluorine signal 
will come from the linker molecule attached to the surface of the carbon fibre. The 
following 19F spectrum in Figure 8-12 was achieved with a spinning speed of 20 














In solution state the shift of the linker 2-18 CF3 is at -64 ppm so there has been a 
slight diamagnetic shift as expected for a molecule on the surface of carbon fibre. 
 
 
Figure 8-12 19F NMR spectrum of functionalised carbon fibre, 2.5 mm MAS HFX 
probe and 20 kHz spinning speed 
 
Following the addition of a drop of deuterated DMSO to mobilise the linkers on the 
surface, a sharper peak was achieved (Figure 8-13). The number of scans taken was 


















Figure 8-13 19F NMR spectrum of functionalised carbon fibre with a drop of 
DMSO added to sample, 2.5 mm MAS HFX probe and 20 kHz spinning speed 
  
From the preliminary investigations on thermal functionalised carbon fibres, the 
main challenges of the NMR spectroscopy  experiments included sample 
conductivity, low amount of compound present on the surface, and the fact that it 
is only the surface being analysed here (the 19F signal originates only from surface 
grafted material). Each of these challenges, and how they may be overcome, are 




 Carbon fibre is conductive. The NMR magnetic field induces eddy currents 
and small magnetic fields within the sample which oppose the applied 
magnetic field creating resistance to spin, heating and signal broadening. 
This problem may be overcome by grinding the sample and diluting with a 



















 Carbon fibre is a carbon-rich material containing heteroatoms N, O and H 
remaining from the polymer precursor material. These result in significant 
13C, 14N, 17O and 1H “background” signals. Choosing the appropriate nuclei 
to observe from the attached molecules is important i.e. isotope 




 Solid state NMR spectroscopy is generally not used to study surfaces, as the 
surface is only a small percentage of the samples total mass, so low signal 
intensity can be a limitation. Maximising surface functionalisation with 
electrografting would therefore be of interest. 
 
So, in order to decrease the experiment time and maximise the signal, it was 
decided pertinent to continue investigations with electrografted samples of carbon 
fibre instead. 
 
8.4 Electrografted Fibres  
 
Samples of CF3 electrografted carbon fibres 6-13 were then prepared via reductive 




















8.4.1 19F NMR spectra of electrografted carbon fibres 
 
The functionalised sample was ground and diluted with SiO2 and packed into a 4 
mm rotor (to maximise amount of sample and therefore signal). A spinning speed 
of 13.5 kHz was used and the resulting spectrum is shown below in Figure 8-14. A 
signal was clearly observable after 5 minutes and after about 3 hours a well 
resolved spectrum was achieved. A peak corresponding to the surface grafted CF3 
was seen at ~ 80 ppm in addition to a spinning side band at ~ -110 ppm. The spinning 
sideband was confirmed by spinning the sample at different spinning speeds; the 
main peak will not shift but the spinning sideband will move according to the 
spinning speed.  
 
 
Figure 8-14 19F NMR spectrum of electrografted carbon fibre, 4 mm MAS HFX 
probe and 13.5 kHz spinning speed 
 
Interestingly, no second peak was observed at ~150 ppm, which would be expected 
for the BF4- counterion from the CF3 diazo salt 6-9 starting material. The absence of 














with the BF4- counterion as would be expected for the de-diazotisation which 
occurs during the grafting process. The fact that the counterion was removed with 
washing and the CF3 part is obviously still present indicates that the BF4- was not 
bound to the surface while the aryl CF3 group 6-13 was, as proposed.  
 
8.4.2 Surface grafting quantification 
 
Once it was established that surface grafted molecules could be detected, an 
internal reference, NaF, could then be added to the sample to allow the amount of 
surface grafted molecule to be quantified. A sample of CF3 electrografted carbon 
fibre 6-13, SiO2 and NaF were weighed, ground in a small mortar with a pestle and 
packed into a 4 mm rotor. Spinning speed was 12 KHz, faster spinning speed was 
difficult due to rotor size and sample conductivity (faster spinning induces greater 
eddy currents). The resulting spectrum showed two signals, the first centred 
around -122 ppm (surface grafted CF3 group) and -222 ppm (NaF) (Figure 8-15).  
 
 
Figure 8-15 19F NMR spectrum of electrografted carbon fibre and NaF, 4 mm MAS 



















The spectrum did present with many visibly overlapping sidebands either side of 
the main signals, which made integration difficult as sidebands belong to the signal 
and so need to be included in the integration. Curve fitting may be used to fit each 
component signal and integrate them separately, however for a neater spectrum, 
faster rotor spinning speeds would be more ideal. 
 
The experiment was run overnight (65 000 scans) to allow enough signal to 
develop, with a D1 delay (time between RF pulses) of 0.75 seconds. While this 
relaxation delay was sufficient for the CF3 signal (short T1), the NaF signal was the 
slower relaxing signal (longer T1), meaning that a quantitative (fully relaxed) 
spectrum was not achieved. The relaxation of the linker was affected by its 
proximity to the surface of the conductive carbon fibre, its relaxation was faster 
and the NaF signal was slower. If a pulse is applied before all spins are relaxed, they 
will not be excited and the signal intensity of the integral will be decreased and no 
longer be representative of the amount in the sample. For a fully relaxed spectrum, 
the D1 relaxation delay would need to be longer, which would increase experiment 
time. Fortunately, a compromise can be reached; a shorter experiment can be run 
with a short relaxation delay and then the following formula may then be applied 
to correct the intensity of the slow relaxing signal: 
 1/ �1 - 𝑒𝑒−𝑡𝑡𝑇𝑇1�    Equation 8-4 
 
Where t is the recycle (D1) value used for the experiment and T1 is the measured 
T1 of the slow relaxing signal (NaF). A T1 measurement (to measure longitudinal 
relaxation) was performed using a saturation-recovery experiment. If the T1 
relaxation time is extremely long, the saturation-recovery experiment is preferred. 
Here, the transitions are saturated by a rapid sequence of hard pulses, such that 
no signal remains. There is then a variable delay, during which relaxation occurs, 
and then a 90° read-out pulse. If the relaxation delay is very short, no signal is seen, 
and at long relaxation times the maximum signal is seen.  
 




But first, in order to achieve a more useable spectrum to work with, a new sample 
of CF3 electrografted carbon fibre 6-13 was prepared and packed into a 2.5 mm 
rotor with NaF. No SiO2 was used this time, as there was less sample, the 
conductivity was not a severe issue. The smaller sized rotor was able to be spun 
faster at 25 KHz and the experiment was repeated again with a D1 of 0.75 seconds 
and 65 000 scans. The resulting spectrum is shown below in Figure 8-16. Already, 





Figure 8-16 19F NMR spectrum of electrografted carbon fibre and NaF, 2.5 mm 
MAS HFX probe and 25 kHz spinning speed 
 
Using Equation 8-4 and the experimentally determined T1 to calculate the 
correction factor for the slow relaxing signal (NaF): 



















t = 0.75 s 
T1 = 10 s 
 




Once the correction factor was determined, it could then be applied to the integral 
to correct it. And the amount of surface functionalisation then calculated and 







Weight (m) of NaF in sample is 0.18 mg 
Amount of NaF in sample = n, and M is the molar mass of NaF 
 
𝑡𝑡 =  𝑚𝑚
𝑀𝑀
   
 
𝑡𝑡 =  0.18 mg42 g mol−1 
 
= 0.0043 mmol 
 









Next, divide the carbon fibre signal by three (CF3 has three fluorines, NaF has one) 
 
= 1:0.014 
NMR sample =  
10.25 mg carbon fibre 
0.18 mg NaF 
 
m   = 0.18 mg 
M = 42 g mol-1 
 




Therefore 0.014 × 0.0043 mmol (n(NaF)) = mmol of compound grafted to carbon 
fibre surface 
 
0.014 × 0.0043 mmol = 6.6 ×10-5 mmol/10.25 mg carbon fibre 
= 6.0 ×10-6 mmol mg-1 
= 6.0 ×10-9 mol mg-1 
 
Encouragingly, the result from the NMR spectroscopy measurements was on the 
same order of magnitude as results measured electrochemically by the Henderson 
research group.192 In the work by Servinis et al., samples of carbon fibre were first 
functionalised electrochemically with alkyne functional groups. Then, using azide-
alkyne click chemistry, ferrocene was then attached to the carbon fibre surface. 
Integration of the iron redox peak and subtraction of the baseline curve in the CV 
suggested a surface concentration of 1.5 × 10-9 mol mg-1.192 Although this result 
was lower than that measured with NMR spectroscopy, it is understandable given 
that the ferrocene detected was not attached directly via electrografting, rather 
over two steps so yields would be expected to be lower.  
 
8.4.3 15N NMR spectra of electrografted carbon fibres 
 
Now that surface grafted molecules could be both detected and quantified, the 
next step was to see whether it was possible to monitor surface grafted molecules 
reacting with epoxy resin. NMR spectroscopy, unlike XPS, has the ability to monitor 
chemical reactions in situ. In orded to do this, it was planned to electrograft 15N 
isotope enriched nitro diazonium 8-2 onto the carbon fibre surface, reduce to the 
amine 8-1 and then monitor the reaction in situ with epoxy resin using 15N NMR 
spectroscopy. This would give valuable information as to the mechanism of 
enhanced interfacial adhesion in carbon fibre composites and verify the formation 
of covalent bonding between the fibre and the matrix (Scheme 8-3). 






Scheme 8-3 15N surface grafted molecule 8-1 reacting with epoxy resin to form a 
covalent bond 
 
While 14N is an NMR active nuclei and 99.6% naturally abundant, as the carbon 
fibre itself already contains nitrogen atoms, this would create significant 14N 
background signal. It would therefore be difficult to distinguish between surface 
grafted nitrogen atoms and nitrogen atoms already present in the fibre. So, a 
sample of 15N enriched 4-nitroaniline 8-3 was purchased (98 atom % 15N), 
diazotised, grafted and reduced according to previously outlined procedures for 




Scheme 8-4 Synthesis of 15N isotope enriched nitro diazonium 8-4 followed by 
electrografting and reduction 
 
Once the sample of electrografted 15N amine 8-1 carbon fibres were prepared, the 
sample was ground and packed into a 2.5 mm rotor. This time a 300 MHz 
spectrometer was used and experiments began by trying direct excitation of the 
15N nuclei. When this did not seem to work (no signal was seen), it was suspected 
that the relaxation time of the 15N nuclei could be problematic (some 15N in very 































polarisation experiment was set up to run overnight with the hope that the 
increased number of scans could collect more signal. Longer relaxation delays (300 
seconds) were tried and still no signal could be observed. The long relaxation time, 
together with low sample volume (the molecule of interest is only present on the 
surface of the sample bulk) only compounded the problem. 
 
To determine whether it was in fact a relaxation issue, a sample of the pure 15N 
enriched 4-nitroaniline 8-3 was packed into a 2.5 mm rotor. With a direct excitation 
experiment (no CP), with a D1 relaxation delay of 1 hour and 16 scans (total 
experiment time 16 hours), signal for each 15N labelled site was detected (Figure 
8-17). The fact that the rotor was completely packed with 98% 15N isotope enriched 
sample and after 16 scans a comparatively small amount of signal was achieved, 
suggests that the relaxation delay of the compound could be much longer. The 
differences in the peak intensity between the nitro and aniline signals are likely due 
to the nitro having an even slower relaxation rate, as the experiments were direct 










Figure 8-17 15N NMR spectrum of 15N enriched 4-nitroaniline 8-3, 2.5 mm MAS HX 
probe and 20 kHz spinning speed 
 
Considering that the 15N spectrum of the pure 15N enriched 4-nitroaniline 8-3 
material showed such small amount of signal, it was going to be likely that 
detecting a much smaller amount i.e. electrografted 15N amine 8-1 on carbon fibres 
was going to be difficult. Nevertheless, a small amount of water and CuSO4 were 
added to the carbon fibre sample to try to reduce relaxation times. Copper is 
paramagnetic and paramagnetic species can drastically reduce relaxation times. 
Still however, no signal was able to be detected from the sample at all. Despite the 
high level of isotope enrichment and electrografting to maximise surface grafting 
coverage, the relaxation rates were the limiting factor here. Long relaxation rates 
would mean long experiment time to allow sufficient time between RF pulses and 
these experiments could run a week long just to detect any signal at all. It was 
deemed too impractical to continue and besides, if there were an to attempt to 
monitor in situ cure of the functionalised fibres and epoxy resin, the resin would 



















8.5 Chapter Summary 
 
The work described in this chapter showed that 19F NMR spectroscopy could be 
used to both detect surface grafted 19F compounds and determine the amount of 
compound grafted. However, preliminary investigations into using NMR 
spectroscopy to monitor in situ cure of electrografted 15N amine 8-1 carbon fibres 
with epoxy resin was not successful due to the difficulty to detect surface grafted 
15N.  
 
Despite the experimental challenges of analysing materials such as carbon fibre, 
some notable progress was still achieved. Owing to the challenges, solid state NMR 
spectroscopic experiments on surface grafted carbon fibres has not been done 
before, until now. So any small steps to investigate this application are meaningful.  
 
The grafting method used for the work in this chapter and previous chapters 
involves grafting of diazo species. The following and final chapter will detail some 
preliminary investigations into a new electrografting approach, oxidative 
electrografting of carboxylates. 
 
The work described in this chapter has been reported in the following publications:  
K. M. Beggs, D. Gunzelmann, L. A. O’Dell, J. M. Pringle, C. Pozo-Gonzalo, T. R. 
Gengenbach, L. Servinis, B. L. Fox, L. C. Henderson, Surface modification of carbon 
fibre to enhance interfacial adhesion. Advanced composites Innovation 
Conference, (2016). 
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9 Oxidative Electrografting of Carboxylates to 
Carbon Fibre Surfaces 
 
Chapter 9 moves away from reductive electrografting of diazonium salts in favour 
of a safer alternative, oxidative electrografting of carboxylates. The grafting 
behaviour of carboxylates under ambient conditions is examined and compared to 
the previous work on reductive electrografting of diazonium salts. The modified 
fibres are characterised via electrochemical measurements and XPS. 
 
9.1 Oxidative Electrografting of Carboxylates; An Alternative 
Electrografting Method 
 
Electrografting of diazonium salts was first explored in chapter 6, where it was 
shown that electrografting was much faster and more efficient compared to 
thermal grafting. The following chapters (7 and 8) also used the electrografting 
diazonium salts to functionalise the carbon fibre surface. Diazonium salts are highly 
activated species and while this high reactivity is good for fast surface grafting, it 
also means they can have limited stability. Diazonium salts can be explosive and 
when exposed to moisture for extended periods of time they will decompose. 
Aside from safety concerns, this means that while they could be used for 
continuous surface treatment under ambient conditions, the solution would need 
to be frequently refreshed as the grafting agent will decompose. 
 
Carboxylates on the other hand are stable species, even in aqueous solution, and 
can also be used for electrografting. Oxidative electrografting of carboxylates was 
first introduced in Chapter 2, section 2.14.2. Unlike reductive electrografting of 
diazo salts where the carbon fibre working electrode is the cathode (negative 
electrode), for oxidative electrografting of carboxylates, the carbon fibre working 
electrode is the anode (positive electrode).  
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Following deprotonation of the corresponding carboxylic acid, the carboxylate may 
be then oxidatively grafted to the substrate surface. The mechanism is related to 




Scheme 9-1 The electroxidative grafting of carboxylates84 
 
The mechanism of the electroxidative grafting of carboxylates (Scheme 9-1) shows 
the formation of the radical R• 2-52 is stepwise (loss of an electron followed by loss 
of CO2 to form the radical 2-52) unlike the diazonium grafting (electron transfer is 
concerted with the cleavage of N2). The decarboxylation rate constant of RCOO• 2-
51 radicals is very fast, so the radical R• 2-52 is still formed close to the electrode 
surface. However, the R• 2-52 radical is more easily oxidised than the starting 
material RCOO– 2-49, therefore R• 2-52 is oxidised to the carbocation R+ which may 
then react with any nucleophile present in solution (e.g. acetonitrile). But the fact 
that surface grafting can be achieved with carboxylates does show the reaction of 
R• 2-52 radicals with the surface happens competitively with their oxidation. 
Nevertheless surfaces can be modified with this procedure though the grafting 
would be expected to be slower compared to diazo salts.84 
 
With this in mind, the focus of this chapter was the preliminary investigations into 
the oxidative electrografting of carboxylates on to carbon fibres. The aim was to 
compare the treatment time to the diazo electrografting to see whether it could 
be used as an alternative or complementary functionalisation method. The 
oxidative electrografting of the carboxylates was investigated under ambient 
conditions and the presence of a small amount of water as this would be more 
relevant to industrial applications, where anything more stringent would be 
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9.2 Oxidative Electrografting of Phenylacetic Acid 
 
To begin investigations a very simple and commercially available carboxylic acid, 
phenylacetic acid 9-1, was chosen. Phenylacetic acid 9-1 was converted to the 
corresponding carboxylate 9-2 in the electrochemical cell by dissolving in 
acetonitrile (MeCN) and adding an equimolar amount of tetrabutylammonium 
hydroxide 30-hydrate ([Bu4N][OH]•30H2O, 0.005 M) (Scheme 9-2). The electrolyte 
was tetra-n-butylammonium hexafluorophosphate ([Bu4N][PF6], 0.1 M), in a three-
electrode cell,  with  a Ag/AgCl reference  electrode  and  a  platinum wire counter  
electrode.  The working electrode comprised carbon fibres that had copper tape 
on one end. The electrode was held with an alligator clip on the copper tape and 




Scheme 9-2 Oxidative electrografting of phenylacetic acid 9-1 
 
Electrografting of carboxylate 9-2 was investigated by running a two CV scans from 
0 to 1.5 V and monitoring the peak current. An irreversible Gaussian shaped anodic 
peak was observed at about 1.1 V (Figure 9-1). This peak decreased upon the 
second scan, indicating that the peak could correspond to surface grafting of 


















Figure 9-1 Cyclic voltammogram of the carbon fibres in a solution of 0.005 M 
phenylacetic acid 9-1, tetrabutylammonium hydroxide 30-hydrate 
([Bu4N][OH]•30H2O, 0.005 M) and  tetra-n-butylammonium 
hexafluorophosphate-acetonitrile ([Bu4N][PF6]-MeCN, 0.1 M) 
 
It was noted that as the peak current increased, bubbles evolved off the counter 
electrode. This was unexpected, as CO2 should be evolved off the working 
electrode during the grafting reaction. This being the case, there was more likely 
to be another cause of these bubbles. As there was water present in the reaction 
and at these potentials the water may undergo hydrolysis, producing H2 gas at the 
counter electrode. This could be compared to electrolytic oxidation of carbon fibre 
– hydrogen gas would be produced at the cathode counter electrode while the 
carbon fibre anode could become oxidised (refer to Chapter 2, section 2.9.1). So, 
there was the possibility that the observed peak may correspond to anodic 
oxidation of the carbon fibre. 
 
To determine whether the observed anodic peak was electrografting of the desired 
carboxylate 9-2 or anodic oxidation, a number of experiments were completed, 
adding one reagent at a time to see what was causing the effect. First, two CV scans 
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of the bare carbon fibres in the electrolyte solution, tetra-n-butylammonium 
hexafluorophosphate-acetonitrile ([Bu4N][PF6]-MeCN, 0.1 M), were done (Figure 
9-2). No bubbles were observed coming off the counter electrode, the peak current 





Figure 9-2 Cyclic voltammogram of the carbon fibres in a solution of tetra-n-
butylammonium hexafluorophosphate-acetonitrile ([Bu4N][PF6]-MeCN, 0.1 M) 
 
Upon addition of tetrabutylammonium hydroxide 30-hydrate ([Bu4N][OH]•30H2O, 
0.005 M) to the above electrolyte solution of tetra-n-butylammonium 
hexafluorophosphate-acetonitrile ([Bu4N][PF6]-MeCN, 0.1 M) and re-running the 
CVs, bubbles were evolved off the counter electrode at the same time as peak 
current significantly increased (Figure 9-3). However, no Gaussian-shaped peak 
was observed. 
 





Figure 9-3 Cyclic voltammogram of the carbon fibres in a solution of 
tetrabutylammonium hydroxide 30-hydrate ([Bu4N][OH]•30H2O, 0.005 M) and 
tetra-n-butylammonium hexafluorophosphate-acetonitrile ([Bu4N][PF6]-MeCN, 
0.1 M) 
 
Finally, to this solution of tetrabutylammonium hydroxide 30-hydrate 
([Bu4N][OH]•30H2O, 0.005 M) and tetra-n-butylammonium hexafluorophosphate-
acetonitrile ([Bu4N][PF6]-MeCN, 0.1 M), the carboxylic acid 9-1 was added. This 
time as the peak current increased, bubbles were evolved off the counter 
electrode, but there was a distinctive Gaussian-shaped peak clearly evident (Figure 
9-4). 
 





Figure 9-4 Cyclic voltammogram of the carbon fibres in a solution of 0.005 M 
phenylacetic acid 9-1, tetrabutylammonium hydroxide 30-hydrate 
([Bu4N][OH]•30H2O, 0.005 M) and tetra-n-butylammonium hexafluorophosphate-
acetonitrile ([Bu4N][PF6]-MeCN, 0.1 M) 
 
The appearance of bubbles off the counter electrode and increase in peak current 
after the addition of the tetrabutylammonium hydroxide 30-hydrate 
([Bu4N][OH]•30H2O) strongly indicated that water electrolysis and anodic 
oxidation of the fibre surface was occurring. However, the difference in peak shape 
when the carboxylic acid 9-1 was added indicated that a different process was 
taking place. This could indicate that both anodic oxidation and surface grafting 
were occurring simultaneously. To confirm that the surface grafting was actually 
taking place to graft layers to the surface, further investigations were required. 
 
9.2.1 Oxidative electrografting of phenylacetic acid at glassy 
carbon (GC) electrode and electrochemical characterisation of 
treated GC electrode using CV of ferrocene redox probe 
 
A way to confirm the presence of a grafted film on the carbon fibre surface is to 
observe the oxidation or reduction of compounds in solution, such as ferrocene 9-
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5 (Figure 9-5), that give rise to reversible responses at a bare electrode. If the 
surface of the electrode was covered by a blocking layer, this would lead to a 
decrease of the apparent electron transfer rate constant observed for the 
ferrocene redox.219 To further investigate the oxidative electrografting of 
phenylacetic acid 9-1, a 0.001 M solution of ferrocene 9-5 in tetra-n-





Figure 9-5 Ferrocene (Fc) 9-5 
 
A glassy carbon (GC) electrode was chosen as a surrogate for the carbon fibre 
electrode as it was easier to control the exposed surface area of the GC electrode 
than the carbon fibres. The surface area needed to be kept constant in order to 
accurately compare the results of the electrode before and after modification. In 
other words, the GC electrode is like an “idealised” carbon fibre surface. 
 
Prior to the experiment, the GC electrode was polished and sonicated in ethanol 
to clean the surface. The GC electrode was then placed in the ferrocene (Fc) 9-5 









Figure 9-6 Cyclic voltammogram of the glassy carbon in a solution of 0.001 M 
ferrocene (Fc) 9-5 in tetra-n-butylammonium hexafluorophosphate-acetonitrile 
([Bu4N][PF6]-MeCN, 0.1 M) 
 
The ferrocenium/ferrocene (Fc+/Fc) couple appeared at 0.42 V and 0.34 V vs. 
Ag/AgCl, respectively. Next, the GC electrode was rinsed in ethanol before being 
transferred into the grafting solution (carboxylic acid 9-1, 0.005 M), 
tetrabutylammonium hydroxide 30-hydrate ([Bu4N][OH]•30H2O, 0.005 M) and n-
butylammonium hexafluorophosphate-acetonitrile ([Bu4N][PF6]-MeCN, 0.1 M). 
Following a CV scan (0 – 1.5 V, 0.05 V/s) to determine the oxidation potential of 
the carboxylate 9-2 (1.1 V vs. Ag/AgCl), a potential of 1.5 V was applied for a period 
of 30 minutes with nitrogen gas bubbled through the solution to agitate the 
solution. Following the CA experiment, CV scans were recorded (0 – 1.5 V, 0.05 V/s) 
to allow comparison to the CV scans taken of the GC electrode before the CA 
experiment. The CV scans before and after the CA grafting experiment are shown 
below in Figure 9-7, where scans highlighted in blue are before and the scans in 
red are after. It was clear that the biggest difference was seen between the first 
and the second CV scan before the CA, however there was little difference between 
the second CV scan and those recorded after the CA experiment. Also, unlike the 
diazo grafting, the peak did decrease over time, indicating the formation of a 
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blocking layer, but the peak never really disappeared. This could indicate that the 




Figure 9-7 Cyclic voltammogram of the glassy carbon in a solution of 0.005 M 
phenylacetic acid 9-1, tetrabutylammonium hydroxide 30-hydrate 
([Bu4N][OH]•30H2O, 0.005 M) and tetra-n-butylammonium hexafluorophosphate-
acetonitrile ([Bu4N][PF6]-MeCN, 0.1 M) 
 
The treated GC electrode was then removed from the grafting solution, rinsed with 
ethanol and returned into the solution of ferrocene 9-5 (0.001 M in 0.1 M 
[Bu4N][PF6]-MeCN). Then, CV scans were recorded from 0 to 1 V at a scan rate of 
0.1 V/s and these scans compared with the scans taken before the grafting 
experiment as shown in Figure 9-8 where the blue scans are before and the red 
scans after. 
 





Figure 9-8 Cyclic voltammogram of the glassy carbon in a solution of 0.001 M 
ferrocene 9-5 in tetra-n-butylammonium hexafluorophosphate-acetonitrile 
([Bu4N][PF6]-MeCN, 0.1 M). The CV scan in blue was taken before the CA, while 
the CV scan in red was taken after the CA experiment. 
 
This time, the ferrocenium/ferrocene (Fc+/Fc) couple appeared at 0.43 V and 0.30 
V vs. Ag/AgCl respectively. The movement of the peaks (they are essentially split a 
bit further apart) means that the electron transfer is more ‘resistive’/slower at the 
electrode and this parameter is called ΔEP, the difference between the two peak 
potentials (Ep). The difference mainly results from analyte diffusion rates.130 Also, 
the maximum peak currents did decrease slightly, which would also indicate a 
blocking affect. But to be certain, the redox plots were processed using Originlab 
software and the area under both oxidation and reduction curves integrated to 
confirm the existence of a surface blocking layer (see Appendix 12.5, section 12.5.1 
for details). The area under the respective peaks is presented below in Table 9-1. 
The area under the oxidation and reduction peaks in the same scan should be the 
same as this is a completely reversible process, taking into consideration the error 
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involved in the manual curve fitting. Comparing the two scans before and after the 
CA grafting experiment, there was no difference in the area under the peaks. 
 
Table 9-1 Area under ferrocene 9-5 redox curves before and after CA 
 
 Before After 
Peak Oxidation 1 Reduction 1 Oxidation 2 Reduction 2 
Area 0.00567 0.00646 0.00690 0.00573 
  
This also was in agreement with the CV scans, which showed little change in the 
blocking effect of the surface. This did not really unequivocally confirm the success 
of the grafting, however it could be that the layers formed were not as blocking as 
those formed with the diazo grafting, for instance loosely-packed multilayer 




Figure 9-9 Schematic illustration of a loosely-packed multilayer (left) and densely-
packed monolayer (right) 
 
But for a more definitive answer concerning surface grafting, a new fluorinated 
grafting molecule was chosen as if it could be detected on the surface using XPS, it 
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9.3 Oxidative Electrografting of 4-Fluorophenylacetic Acid 
onto Carbon Fibre 
 
For this experiment, carbon fibre was used as the working electrode. A simple and 
commercially available fluorinated carboxylic acid, 4-fluorophenylacetic acid 9-6, 
was chosen for attachment to the carbon fibre surface and subsequent XPS 
analysis. As per the previous oxidative electrografting experiments, the 4-
fluorophenylacetic acid 9-6 was converted to the corresponding carboxylate 9-7 in 
the electrochemical cell by dissolving in acetonitrile and adding an equimolar 
amount of tetrabutylammonium hydroxide 30-hydrate ([Bu4N][OH]•30H2O, 0.005 
M) (Scheme 9-3). The electrolyte used was tetra-n-butylammonium 
hexafluorophosphate ([Bu4N][PF6], 0.1 M), the reference electrode was Ag/AgCl 
and the counter electrode a piece of platinum wire. Two experiments were 
conducted; the first experiment was two CV scans from 0 to 1.75 V at 0.05 V/s. The 
second experiment was a 30 minute 1.5 V CA experiment. The purpose was to 
compare the two methods by determining the amount of compound grafted to the 
surface in each case. Following the surface grafting step, the samples were washed 
thorougly using the standard procedure, first soaking in acetonitrile (10 minutes × 
3), then washing with more acetonitrile, chloroform and ethanol (1 × 50 mL each). 
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9.4 Chemical Characterisation of the Treated Fibres Using XPS 
 
The XPS results from the oxidative electrografting of 4-fluorophenylacetic acid 9-6 
were very promising. First, looking at the atomic ratios, X/C, there was a definite 
increase in the fluorine signal after grafting, suggesting that the oxidative 
electrografting was successful (Table 9-2). The longer CA experiment did suggest 
that more 4-fluorophenyl was grafted to the surface in respect to the shorter CV 
experiment. The CV scans taken after 30 minutes of CA did not show a more 
enhanced blocking effect, also the grafting of phenylacetic acid 9-1 onto the GC 
electrode did not show a significant effect on the ferrocene redox behaviour. 
Putting the XPS data together with the observed behaviour from the CV 
experiments, the results suggested that perhaps loosely packed multilayers which 
are less blocking in nature, had formed. 
 
Table 9-2 Elemental composition of untreated, 4-fluorophenyl functionalised 9-9  




Sample: Untreated CV (< 2 min) CA (30 min) CF3 6-13 
 
Meana Dev.b Meana Dev.b Meana Dev.b Meana Dev.b 
C 1.000 0.000 1.000 0.000 1.000 0.000 1.000 0.000 
N 0.016 0.000 0.025 0.001 0.032 0.002 0.018 0.001 
O 0.040 0.000 0.054 0.001 0.105 0.003 0.050 0.003 
F 0.000 0.000 0.008 0.000 0.037 0.002 0.057 0.006 
a Atomic ratios are presented relative to carbon (X/C); b mean values (± deviation) of two 
measurements at different locations 
 
The level of fluorine present in the 4-fluorophenyl 9-9 CA sample was comparable 
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fluorine was attached in the case of 4-fluorophenyl 9-9 as opposed to three 
fluorines in the case of CF3 6-13. 
 
Interestingly, oxygen and nitrogen signals increased progressively from the control 
to the longest treatment time for the CA experiment. These increases along with 
the earlier observation of bubbles evolved off the counter electrode during the 
oxidative electrografting do indicate electrolysis. Despite this, the electrografting 
still appeared to be successful and the simultaneous oxidation is not necessarily a 
bad thing in terms of composite performance, as this could include the added 
benefits of surface oxidation50-52 currently used in industrial manufacture and 
electrografting of reactive functional groups129, 133 at once. 
 
The high resolution spectra obtained also revealed notable changes. The C 1s 
spectra shown in below in Figure 9-10, did not reveal any notable variations in the 




Figure 9-10 C 1s high resolution XPS spectra of the untreated, CV and CA samples 
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The N 1s XPS spectra showed increased signal for both the treated samples, as well 
as showing evidence of additional components being present at lower binding 
energies relative to the control (Figure 9-11). The CA sample appeared to have 
more of the additional component present. This additional component could be a 
different nitrogen functional group(s), however curve fitting would be required to 




Figure 9-11 N 1s high resolution XPS spectra of the untreated, CV and CA samples 
 
The O 1s peak in the XPS spectra showed increases in the O 1s signal relative to the 
untreated control, especially for the longer CA experiment (Figure 9-12). 
 
 





Figure 9-12 O 1s high resolution XPS spectra of the untreated, CV and CA samples 
 
Finally, the F 1s peak in the XPS spectra showed increases in the fluorine signal, at 
the binding energy expected for an aryl fluorine, for both treated samples, 
especially for the longer CA experiment (Figure 9-13).  
 





Figure 9-13 F 1s high resolution spectra 
 
The grafting of 4-fluorophenylacetic acid 9-6 and subsequent XPS analysis of the 
functionalised 4-fluorophenyl 9-9 samples did provide evidence to suggest 
successful grafting. Furthermore, longer treatment times (CA vs. CV experiments) 
did result in a higher degree of grafting. The XPS analysis also provided further 
evidence that surface oxidation was occurring during the oxidative electrografting 
experiments. 
 
9.5 Chapter Summary 
 
Oxidative electrografting of carboxylates was performed under ambient conditions 
to assess its applicability as a safer alternative to using unstable diazonium salts. It 
was shown that in the presence of small amounts of water, surface oxidation 
occurred concurrently with surface grafting. This double effect could potentially 
have an additive influence and enhance composite performance, further 
investigation is required to confirm this. As expected, the oxidative electrografting 
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of carboxylates was slower than that observed for reductive electrografting of 
diazo salts, however it depends on the desired surface coverage as it was shown 
that 2 minutes of treatment (CV experiment) was still effective in grafting 
functional groups. Investigation of the effect of treatment time on composite 
performance is thus required. But from this preliminary work, the method was 
found to be effective and has potential to be used as an alternative to 
electrografting diazo salts. 
 
The work also described in this chapter presented the preliminary investigations 
which were later developed further in the following paper by our research group: 
C. L. Arnold, K. M. Beggs, D. J. Eyckens, F. Stojcevski, L. Servinis, L. C. Henderson, 
Enhancing interfacial shear strength via surface grafting of carbon fibers using the 
Kolbe decarboxylation reaction. Compos. Sci. Technol. 159, 135-141 (2018). 
 





Chapter 10 summarises the overall outcomes from the studies and, based on this, 
some recommendations for future works are given. 
 
10.1 Summary of Work completed to Date 
 
As discussed in the previous chapters, surface treatment of carbon fibres helps to 
improve fibre-matrix adhesion and therefore composite performance. The 
treatment we have focussed on optimising involves grafting amine functional 
groups to the carbon fibre surface in order to allow for covalent interaction with 
epoxy resins. First, treatment time was reduced (24 hrs to 30 secs), next the ideal 
linker design was identified (multiple arms, maximally extended) before novel 
electrografting possibilities were explored. 
 
Despite previous work completed in the area of electrografting, this thesis has 
focussed strongly on taking the next step and making these treatments more 
practical for industrial application. For example, electrografting of organic 
molecules to the surface of carbon fibres has been done previously, however not 
under ambient conditions. Thus, both reductive electrografting of diazonium salts 
and oxidative electrografting of carboxylates were undertaken under ambient 
conditions to study their applicability. Even under ambient conditions both 
methods showed great success. The electrografting work was even extended to 
treating woven carbon fibre mats, demonstrating the opportunity to do surface 
treatment post sizing and weaving, something which would be of interest to 
industry. 
 
Finally, 19F solid state NMR spectroscopic analysis of CF3 functionalised fibres was 
successful in not only detecting surface grafted molecules, but quantifying the 
amount of molecule grafted. This is the first time NMR spectroscopy has been used 
to detect and quantify molecules grafted onto the surface of carbon fibres. Despite 
the challenges associated with running NMR spectroscopic experiments on the 
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conductive carbon fibres, with good sample preparation these were minimised. 
The experimental procedure developed was straightforward and offers a new way 
to analyse surface functionalised carbon fibres. 
 
10.2 Future Directions 
 
This work made progress towards application in an industrial setting using a 
method which could utilise equipment already in place on industrial lines, the 
electrochemical bath. Future work should focus on electrografting approaches 
such as the oxidative electrografting of carboxylates, which offer a much safer 
alternative to using diazo salts and they are also stable in water. Using water 
instead of solvents would be very much desirable on an industrial line, in the 












Figure 10-1 Electrolytic bath on an industrial carbon fibre production line 
 
As well as scaling electrografting treatment of carbon fibres, future work should 
also consider scaling the treatment of woven carbon fibre mats. To do this, 
graphite plates (which are used already on the carbon fibre line) can be used as 
cheaper alternatives to platinum counter electrodes. Small graphite rods have 
already been purchased and would allow for initial optimisations to be undertaken 
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before scaling up to graphite plates. In this way, larger samples could be treated 
and then fabricated into composites to test the effect on fibre-matrix adhesion. 
 
Finally, this work had focussed on functionalising un-sized carbon fibres and 
measuring their performance in a composite without the addition of a sizing layer, 
when in reality fibre must be sized prior to composite manufacture. Thus, future 
work should look at surface modified fibres applied with sizing. A question which 





























Here in Chapter 11, the experimental sections from each chapter are given. 
 
11.1 General Experimental 
 
Carbon fibre (Carbon Nexus unsized/unoxidised tow) was supplied by Carbon 
Nexus and used as supplied. All chemicals, reagents and solvents were purchased 
from Sigma Aldrich Chemical Company and used as received. 
 
11.1.1 General chemical experimental 
 
Thin layer chromatography (TLC) was performed using aluminium-backed Merck 
TLC silica gel 60 F254 plates, and samples were visualised using 254 nm ultraviolet 
(UV) light, and potassium permanganate/potassium carbonate oxidising dip 
(1:1:100 KMnO4:K2CO3:H2O w/w). Column chromatography was performed using 
silica gel 60 (70-230 mesh). All solvents used were AR grade, and those denoted as 
anhydrous were dried using a pressurised dry solvent dispenser. Petroleum spirits 
refers to the fraction boiling between 40–60 °C. 
 
All 1H, 13C and 19F nuclear magnetic resonance (NMR) spectra were recorded on a 
Jeol JNM-EX 270 MHz or Bruker AVANCE 500 MHz NMR spectrometer as indicated. 
Samples were dissolved in deuterated chloroform (CDCl3) with the residual solvent 
peak used as an internal reference (CDCl3 – δH 7.26 ppm). Fluorine spectra are 
reported with trifluorotoluene (0.05%) in CDCl3 being used as an external reference 
(-63.72 ppm). Nitrogen spectra are reported with chemical shifts referenced to 
liquid NH3. Proton spectra are reported as follows: chemical shift δ (ppm), integral, 
multiplicity (s = singlet, br s = broad singlet, app. br s = apparent broad singlet, d = 
doublet, app. d = apparent doublet etc., t = triplet, dt = doublet of triplets, ddt = 
doublet of doublet of triplets, tt = triplet of triplets, q = quartet, dq = doublet of 
quartets etc., quint = quintet, m = multiplet), coupling constant J (Hz), assignment). 
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Carbon spectra are reported as chemical shift δ (ppm), multiplicity (q = quartet), 
coupling constant J (Hz). 
 
Reactions performed under microwave irradiation were conducted using a CEM 
Discover S-Class Explorer 48 Microwave Reactor. Instrument was operated at a 
frequency of 50/60 Hz under continuous irradiation from 0 - 300 W power. 
Reactions were performed in a 35 mL quartz vessel equipped with an airtight cap. 
 
Attenuated total reflectance – fourier transform infrared spectroscopy (ATR-FTIR) 
measurements were conducted using an Alpha FTIR spectrometer (Bruker Optik 
GmbH, Ettlingen, Germany) equipped with a deuterated triglycine sulfate (DTGS) 
detector and a single-reflection diamond ATR sampling module (Platinum ATR 
QuickSnap™).  The samples were analysed in a thin film (from a chloroform 
solution) from 400 to 3900 wavenumbers and all absorption bands are reported in 
wavenumbers (cm-1). Background spectra of a clean ATR surface were acquired 
prior to each sample measurement using the same acquisition parameters. 
 
High Resolution Mass Spectra (HRMS) were recorded on a AppliedBiosystems 
QSTAR Elite mass spectrometer with a Shimadzu LC system, <3 ppm mass accuracy, 
and 12000 resolution. The software controlling the instrument was Analyst 
(version 2.0). Acetonitrile was used as the mobile phase. Samples were dissolved 
in methanol with 0.1% formic acid, to a final concentration of 1 µM. 
 
11.1.2 X-ray photoelectron spectroscopy (XPS) 
 
XPS analysis was performed using an AXIS Ultra-DLD spectrometer (Kratos 
Analytical Inc., Manchester, UK) with a monochromated Al Kα source (hν = 1486.6 
eV) at a power of 150 W (15 kV × 10 mA), a hemispherical analyzer operating in the 
fixed analyzer transmission mode and the standard aperture (analysis area: 0.3 mm 
× 0.7 mm). The total pressure in the main vacuum chamber during analysis was 
typically below 10-8 mbar. 
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Bundles of fibres were suspended across a custom-designed frame attached to 
standard sample bars. This ensured that only the sample to be analysed was 
exposed to the X-ray beam and that any signal other than that originating from 
carbon fibres was excluded. Each specimen was analysed at two different locations 
at a photoelectron emission angle of 0° as measured from the surface normal 
(corresponding to a take-off angle of 90° as measured from the sample surface).  
Since the microscopic emission angle is ill-defined for fibres the XPS analysis depth 
may vary between 0 nm and approx. 10 nm (maximum sampling depth). 
 
Data processing was performed using CasaXPS processing software version 2.3.15 
(Casa Software Ltd., Teignmouth, UK). All elements present were identified from 
survey spectra (acquired at a pass energy of 160 eV). To obtain more detailed 
information about chemical structure, C 1s, O 1s and N 1s high resolution spectra 
were recorded at 20 eV pass energy (yielding a typical peak width for polymers of 
1.0 eV). If required these data were quantified using a Simplex algorithm in order 
to calculate optimised curve fits and thus to determine the contributions from 
specific functional groups.   
 
The atomic concentrations of the detected elements were calculated using integral 
peak intensities and the sensitivity factors supplied by the manufacturer. Atomic 
concentrations are given relative to the total concentration of carbon as follows: 
the concentration of a given element X was divided by the total concentration of 
carbon and is presented here as the atom number ratio (or atomic ratio) X/C. This 
value is more robust than concentrations when comparing different samples. 
Binding energies were referenced to the aliphatic hydrocarbon peak at 285.0 eV. 
The accuracy associated with quantitative XPS is ca. 10% - 15%.  Precision (i.e. 
reproducibility) depends on the signal/noise ratio but is usually much better than 
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11.1.3 Atomic force microscopy (AFM) 
 
SPM height images were collected on single carbon fibres with a Digital 
Instruments Dimension SPM 3000. The instrument was operated in contact mode 
using a silicon nitride probe with a pyramidal tip, on a cantilever with a low spring 
constant (0.12 N/m). Three single filaments were selected from each tow sample 
and fixed on a glass slide with double sided adhesive tape. A minimum of three 
different positions (3 × 3 mm2) on each fibre were imaged to obtain a 
representative fibre surface topography. 
 
Surface roughness was calculated by collecting nine additional smaller images of 
the fibre surface for each sample (1 × 1 mm2), to minimize the effect of natural 
fibre curvature. This was further negated by applying a second order flattening 
function to the image before analysis. The surface roughness was quantified by 
root mean square roughness (Rrms), which represents the standard deviation of the 
z values within a given area using NanoScope software (V5.31). Longitudinal 
roughness was calculated by measuring the Rrms of thirty individual lines (2D 
sections) in the axial direction for each of the nine 3 × 3 mm2 images taken for each 
sample. This has the advantage of avoiding issues related to the curvature of the 
fibre. 
 
11.1.4 Scanning electron microscopy (SEM) 
 
SEM imaging was performed by a scanning electron microscope (Jeol Neoscope) 
operated with a 10 kV accelerating voltage. 
 
11.1.5 Statistical analysis  
 
A two-sample t-test, assuming equal variance, was used to test whether data were 
significantly different or not; a P-value less than 0.05 was considered statistically 
significant. 
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11.1.6 Single fibre tensile testing 
 
Samples were tested on a Favimat + Robot 2 single fibre tester (Textechno H. Stein) 
which automatically records linear density and force extension data for individual 
fibres loaded into a magazine (25 samples) with a pretension weight of ≈ 100–150 
mg attached to the bottom of each carbon fibre. 
 
Linear density was recorded using a length of 25 mm and a pretension of 1.6 cN/tex 
(nominal LD of 0.65 from pretension test) and testing speed of 1.0 mm/min (as per 
supplier specifications).  It is reported in units of tex where 1 tex equals 1g/km. 
Tensile load extension curves were collected at 2.0 mm/min using a gauge length 
of 25 mm and a pretension of 0.5 cN/tex. Load data was normalised by dividing by 
the linear density to give specific stress strain curves from which tensile strength 
(ultimate specific stress or tenacity) and specific modulus could be determined.  
 
Friction was analysed using a Favimat+ Robot 2 equipped with a friction analysing 
unit (Textechno H. Stein). Each individual fibre measurement was taken 
(automatically) by first clamping the fibre at the top, followed by adjustment of the 
three-pronged friction clamp (polished stainless steel) to a starting gauge length of 
5 mm and a pretension of 0.08 cN/tex. Coefficient of friction data were then 
collected as the clamp moved along the fibre at a speed of 20 mm/min, to a final 
gauge length of 25 mm. The friction unit was cleaned with acetone between 
samples to prevent cross-contamination. 
 
11.1.7 Weibull analysis 
 
The mean tenacity values were determined and since the statistical distribution of 
carbon fibre strengths is usually described by a weakest link model, the strengths 
were also analysed by the two-parameter Weibull probability (P) equation: 
 
𝑃𝑃(𝜎𝜎) = 1 − 𝑒𝑒−� 𝜎𝜎𝜎𝜎0�𝑚𝑚    Equation 2-1 
Chapter 11: Experimental 
313 
 
Where P is the cumulative probability of failure of a carbon fibre at applied tensile 
stress σ.  The Weibull modulus m or shape parameter of the carbon fibre is a 
measure of the distribution of the failure stresses. A high value of m indicates that 
the filaments fail in a narrow range of stresses (defects are even).  The Weibull 
scale parameter σ0 or characteristic strength is the stress at which 63.2% of the 
filaments break (P(σ0) = 0.6321). P is determined for each point using the median 
rank method: 
 
𝑃𝑃 =  𝑖𝑖−0.3
𝑙𝑙+0.4     Equation 3-1 
 
where n = no. of sample points and i is the rank. Rearrangement of the probability 
expression to a straight line allows m and σ0 to be obtained by linear regression. 
 
11.1.8 IFSS analysis  
 
The first stage in the preparation of composite samples for SFFT was the design of 
moulds with the correct dimensions for the elongation procedure. An aluminium 
positive mould was cut with very specific dimensions in which a negative (master) 




Figure 11-1 Aluminium positive mould 
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Seven individual wells were included in the positive mould and these would 
correspond to the final sample dimensions. Two negative moulds were made inside 
the positive mould using a silicone resin as the cured product was known to be 
both heat stable (when used for composite curing), and flexible so composite 




Figure 11-2 Silicone negative mould 
 
First, 300 g of silicone resin (Dalchem Silastomer P-40) was carefully weighed out 
in a paper coffee cup. Next, the manufacturer supplied catalyst was weighed (10% 
w/w relative to resin according to manufacturers specifications) and stirred 
thoroughly with a wooden icy pole stick to ensure an even distribution. The mixture 
was then degassed to remove air bubbles by placing the cup containing the resin 
mixture inside a vacuum chamber. After degassing, the resin was poured into the 
positive aluminium mould. 
 
The resin was then pre-cured for 24 hours at room temperature, followed by post-
cure at 70 ˚C for 12 hours. The silicone resin negative mould was then removed 
from the aluminium positive mould. The process was repeated to make the second 
silicone negative mould. 
 
Chapter 11: Experimental 
315 
 
Seven individual fibres from each sample were prepared by placing each fibre 
down the centre of the silicone moulds dog-bone shaped wells, with each end of 
the fibre pre-tensioned using ≈ 100–150 mg weights to ensure it was kept straight 
and centred within the mould. Epoxy resin RIMR935 was then mixed with hardener 
RIMH937 in a 5:2 w/w ratio, and air bubbles removed under reduced pressure to 
remove voids. The resin mixture was then poured carefully into each of the six 
moulds, taking care to immerse the fibres fully (Figure 11-3), before allowing the 
samples to cure at room temperature for 48 hours, and further post-cured at 100 




Figure 11-3 Preparation of composites in silicone mould using single fibres, 
pretension weights and epoxy resin 
 
The cured samples were then ground to approximately 2 mm thickness with 1200 
grit sandpaper, followed by polishing with 9 µm and 3 µm diamond microbeads 
respectively to ensure maximum uniformity and transparency.  The approximate 
dimensions of the final test coupons were 25 mm × 5 mm × 2 mm.   
 
Each coupon was then strained parallel to fibre direction using a tensile tester 
(Instron 5967, Instron Pty Ltd, USA), up to 8% of the total gauge length to ensure 
crack saturation. The samples were tested at a crosshead speed of 0.05 mm/min 
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until matrix failure occurred. The test rig was equipped with a digital microscope 
(AD-4113ZT Dino-Lite, AnMo Electronics Co. Taiwan), and the fibre fragmentation 
and saturation were monitored in situ, followed by fragment measurements using 
an optical microscope (High Resolution Olympus DP70, Olympus Melville NY).   
 
From the average fragment length l, the critical fragment length lc was calculated 
(Equation 2-3). This value takes into consideration the fibre length required to 
introduce enough stress for the fibre to break.  
 
𝜏𝜏𝑐𝑐 =  43 𝜏𝜏    Equation 2-3 
 
After the critical fragment length had been calculated, the characteristic strength 
σ0, Weibull modulus m (determined from Weibull analysis), and gauge length L0 
(the gauge length at which tensile data were collected) were then used to calculate 
the fibre strength at critical length σf (Equation 2-4), which is the strength of the 
fibre when fragmentation has reached saturation. 
 
𝜎𝜎𝑓𝑓 =  𝜎𝜎0  �𝐿𝐿0𝑙𝑙𝑐𝑐�1 𝑚𝑚�     Equation 2-4 
 
Note: σ0 and m from Weibull calculations. L0 = 25 mm from instrument 
 
Using these data, shear strength at the interface (τIFSS) was estimated from the 
Kelly-Tyson Model (Equation 2-5), where σf is the fibre strength at critical fragment 
length, df is the fibre diameter (average diameter of 7 µm as specified by the fibre 
supplier and determined from Favimat+). 
 
𝜏𝜏𝐼𝐼𝐼𝐼𝑆𝑆𝑆𝑆 =  𝜎𝜎𝑓𝑓𝑑𝑑𝑓𝑓2𝑙𝑙𝑐𝑐     Equation 2-5 
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11.2 Chapter 3 Experimental 
11.2.1 Chemical synthesis 
 
Tert-butyl (2-(2-(2-aminoethoxy)ethoxy)ethyl)carbamate 3-2 
 A solution of di-tert-butyl dicarbonate (3.0 g, 
13.75 mmol) in DCM (100 mL) was added dropwise over 2 hours to a stirring 
solution of 2,2-(ethylenedioxy)bis(ethylamine) (6.021 mL, 41.24 mmol) and DCM 
(150 mL) at 0 °C. The reaction was then stirred a further 18 hours at room 
temperature, and the resulting mixture transferred to a separating funnel where it 
was washed with saturated aqueous NaCl (5 × 50 mL). The organic phase was dried 
over MgSO4, filtered and solvent removed under reduced pressure to afford a 
viscous, off-white oil in >95% purity (3.312 g, 97%). 1H NMR (270 MHz, CDCl3): δ = 
3.59 (4H, s, (CH2O)2), 3.51 (4H, m, (CH2O)2), 3.29 (2H, dt, J = 5.4, 5.13,  CH2NHCOO), 
2.85 (2H, t, J = 5.13, CH2NH2), 1.42 (9H, s, C(CH3)3).125  
 
Tert-butyl (2-(2-(2-((4-nitro-2-
(trifluoromethyl)phenyl)amino)ethoxy)ethoxy)ethyl)carbamate 3-4  
 A solution of 3-2 (2.007 g, 8.08 
mmol), 2-fluoro-5-nitrobenzotrifluoride (0.555 mL, 4.04 mmol), and DMF (3 mL) 
was added to a quartz microwave vessel with a stirrer bar, and fitted with a 
pressure cap. The solution was stirred under 200 W microwave irradiation at 100 
°C for 80 minutes. The crude mixture was then diluted with EtOAc and washed with 
saturated aqueous NaCl (15 mL x 3) to remove any traces of residual DMF, followed 
by drying over MgSO4, and solvent removed under reduced pressure. The crude 
product was purified by column chromatography (1:1 PET spirits:EtOAc), to afford 
a yellow oil (1.629 g, 99 %) Rf = 0.31. 1H NMR (270 MHz, CDCl3): δ = 8.37 (1H, d, J = 
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(1H, br s, NHAr), 3.73 (4H, t, (CH2)2CO), 3.57 (2H, m, CH2CO), 3.53 (1H, br s, NHAr), 




 A solution of 3-4 (0.277 g, 0.63 
mmol) and palladium on activated carbon (27.7 mg, 10% w/w) in EtOAc (200 mL) 
was stirred at room temperature under a hydrogen atmosphere for 16 hours. The 
palladium was then removed by vacuum filtration through a celite plug, followed 
by purification by column chromatography (1:1 PET spirits:EtOAc) to yield a dark 
orange/brown oil (0.254 g, 98 %) Rf = 0.26. 1H NMR (270 MHz, CDCl3): δ = 6.82 (1H, 
d, J = 2.7, ArH), 6.76 (1H, m, ArH), 6.58 (1H, d, J = 8.64, ArH), 5.00 (1H, br s, NHCOO), 
3.66 (2H, m, CH2CO), 3.57 (4H, s, (CH2O)2), 3.48 (2H, m, CH2CO), 3.25 (4H, m, 
CH2NH), 1.38 (9H, s, (CH3)3).125 
 
11.2.2 Thermal carbon fibre functionalisation (treatment 1)  
 
A solution of ortho-dichlorobenzene (60 mL), acetonitrile (30 mL) and fluorinated 
aniline (1 equiv.) was first degassed in a 250 mL round bottom flask under a steady 
flow of nitrogen for 1 hour. A sample of oxidised carbon fibre (approx. 400 mg) was 
then added to the solution under a nitrogen atmosphere and fully submerged in 
the solution, followed by addition of tert-butyl nitrite (2.5 equiv.). The reaction 
vessel was then placed in an oil bath at 50 °C and fitted with a reflux condenser 
under nitrogen atmosphere, and allowed to react for 24 hours. Upon reaction 
completion, the solution was decanted followed by resuspension and manual 
agitation in chloroform (repeated until solution was clear). The fibres were then 
transferred to a Buchner funnel and rinsed with equal portions of 
dichloromethane, ethanol and acetone (200 mL) under vacuum filtration; followed 
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11.2.3 Boc deprotection (treatment 2) 
 
The functionalized sample was placed in a 100 mL round bottom flask, and fully 
immersed in an anhydrous solution of HCl in 1,4-dioxane (2 M, 20 mL). The solution 
was allowed to react at room temperature for 24 hours, after which, the 
HCl/dioxane was decanted and the fibres washed with 3 portions of milli-Q water 
(150 mL) to ensure removal of acid. The fibers were then basified using a milli 
q/NaOH solution (2 M, 3 × 20 mL), with each separate addition of hydroxide first 
manually agitated, then allowed to sit for ten minutes to allow reaction to 
complete. Base was then removed with 5 (50 mL) portions of milli-Q water, 
followed by transfer of the fibres to a Buchner funnel and rinsed under vacuum 
filtration with acetone (150 mL). The sample was then dried in a desiccator under 
reduced pressure for 24 hours to yield a free amine. 
 
11.3 Chapter 4 Experimental 
 




A mixture of 5-nitroisophthalic acid (593 mg, 2.809 mmol), 3-2 (3.152 g, 12.695 
mmol), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (1.63 mg, 8.503 mmol), 
hydroxybenzotriazole (90 mg, 0.666 mmol) was dissolved in dry DMF (5 mL). The 
solution was then left stirring at reflux overnight (19 hours) under a nitrogen 
atmosphere. The crude mixture was then diluted with EtOAc (1 × 100 mL) and 
transferred to a separating funnel where it was washed with H2O (1 × 100 mL), 
saturated aqueous KH2PO4 (1 × 100 mL), NaHCO3 (1 × 100 mL) and NaCl (1 × 100 
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reduced pressure. The crude product was purified by column chromatography 
(EtOAc), to afford a pale yellow amorphous solid (1.22 g, 65%) Rf = 0.1. 1H NMR 
(270 MHz, CDCl3): δ = 8.84 (2H, d, J = 1.35, ArH), 8.64 (1H, t, J = 1.35, ArH), 7.36 (1H, 
br s, NHCOAr), 5.78 (1H, br s, NHCOO), 5.13 (1H, br s, NHCOO), 3.67 (20H, m, 
CH2CH2O, CH2CH2O),  3.31 (4H, m, CH2NHCOO), 1.4 (18H, s, C(CH3)3); 13C NMR (67.5 
MHz, CDCl3): δ = 164.0, 156.3, 148.7, 136.6, 131.0, 125.1, 79.6, 70.4, 69.7, 41.8, 
40.4, 28.5. ν(max) cm -1: 3332, 3085, 2956, 2920, 2873, 1692, 1660, 1533, 1457, 1358, 
1284, 1251, 1170, 1102. HRMS (ESI, m/z) calculated for [C30H49N5O12 + Na]+ 





A solution of 4-13 (1.00 g, 1.50 mmol) and palladium on activated carbon (98 mg, 
10% w/w) in EtOAc (25 mL) was stirred at room temperature under a hydrogen 
atmosphere for 25 hours. The palladium was then removed by vacuum filtration 
through a celite plug to yield a brown amorphous solid (954 mg, 99%) 1H NMR (500 
MHz, CDCl3): δ = 7.54 (1H, app. br s, ArH), 7.02 (2H, app. br s, ArH), 5.23 (2H, br s, 
NHCOO), 4.06 (2H, br s, NH2), 3.64 (16H, m, CH2CH2O, CH2CH2O), 3.53 (4H, dt, J  = 
5.5, 5.0, OCH2CH2NHCOO), 3.30 (4H, m, CH2NHCOO), 1.41 (18H, s, C(CH3)3); 13C 
NMR (67.5 MHz, CDCl3): δ = 167.2, 156.3, 147.4, 135.9, 116.5, 114.9, 79.5, 70.3, 
70.24, 70.0, 40.4, 40.0, 28.5; ν(max) cm -1: 3347, 2974, 2929, 2872, 1696, 1645, 1599, 
1531, 1452, 1391, 1363, 1342, 1280, 1252, 1169, 1102. HRMS (ESI, m/z) calculated 



























Boc-protected amine 4-13 (224 mg, 0.333 mmol) was dissolved in a solution of 20% 
TFA/DCM (3 mL) and left stirring at room temperature. Reaction progress was 
monitored by TLC and after completion (1.5 hours) the solvent was evaporated and 
the crude material redissolved in CHCl3 and solvent removed (repeated 3 times) to 
ensure complete removal of TFA. The resulting salt was then dissolved in dry CHCl3 
(4 mL), to which NEt3 (0.15 mL, 1.08 mmol) was added slowly and stirred 5 minutes. 
The reaction was then cooled to 0 °C on ice before TFA-A (0.17 mL, 1.00 mmol) was 
added slowly and then left stirring at room temperature for 30 minutes under a 
nitrogen atmosphere. After the reaction was complete, the reaction mixture was 
diluted with CHCl3 (15 mL) and transferred to a separation funnel and washed with 
saturated aqueous KH2PO4 (1 × 15 mL), NaHCO3 (1 × 15 mL) and NaCl (1 × 15 mL). 
The organic phase was dried over MgSO4, filtered and solvent removed under 
reduced pressure. The crude product was purified by column chromatography 
(EtOAc) to afford a pale yellow amorphous solid (127 mg, 58%). 1H NMR (270 MHz, 
CDCl3): δ = 8.81 (2H, d, J  = 1.35, ArH), 8.58 (1H, t, J  = 1.35, ArH), 7.12 (2H, br s, 
NHCOAr), 3.68 (20H, m, CH2CH2O, CH2CH2O),  3.57 (4H, dt, J = 5.4, 5.13, 
CH2NHCOCF3); 13C NMR (125 MHz, CDCl3): δ = 164.5, 157.7 (q, J  = 37), 148.6, 136.5, 
131.1, 124.9, 116.0 (q, J = 285.75), 70.3, 70.3, 69.5, 68.8, 40.2, 39.8; 19F NMR (470 
MHz, CDCl3): δ = -76.82; ν(max) cm -1: 3299, 3090, 2952, 2919, 2876, 1715, 1656, 
1537, 1457, 1352, 1295, 1210, 1186, 1155, 1100. HRMS (ESI, m/z) calculated for 

































A solution of 4-17 (125 mg, 0.188 mmol) and palladium on activated carbon (21 
mg, 17% w/w) in EtOAc (6 mL) was stirred at room temperature under a hydrogen 
atmosphere for 27 hours. The palladium was then removed by vacuum filtration 
through a celite plug to yield a light yellow amorphous solid (117 mg, 98%). 1H NMR 
(270 MHz, CDCl3): δ = 7.60 (2H, br s, NHCOCF3), 7.47 (1H, t, J  = 1.08, ArH), 7.20 (2H, 
d, J  = 1.08, ArH), 6.92 (2H, br s, NHCOAr), 3.63 (22H, m, NH2,CH2CH2O, CH2CH2O),  
3.51 (4H, dt, J  = 5.13, 4.86, CH2NHCOCF3); 13C NMR (125 MHz, CDCl3): δ = 167.0, 
157.6 (q, J = 37 Hz), 145.7, 135.8, 117.3, 116.0, 115.9 (q, J  = 286.25), 70.2, 70.1, 
69.5, 68.7, 39.8, 39.6; 19F NMR (470 MHz, CDCl3): δ = -76.72; ν(max) cm -1: 3294, 3086, 
2921, 2876, 1712, 1643, 1598, 1542, 1445, 1347, 1291, 1185, 1152, 1102. HRMS 
(ESI, m/z) calculated for [C24H33F6N5O8 + H]+ 634.2306 found: m/z 634.2316. 
 
Tert-butyl (2-(2-(2-(4-nitrobenzamido)ethoxy)ethoxy)ethyl)carbamate 4-11 
A solution of 4-nitrobenzoic 
acid (897 mg, 5.37 mmol), 3-2 (3 g, 12.1 mmol), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (1.55 g, 8.08 mmol), hydroxybenzotriazole (72 
mg, 0.533 mmol) and DMF (5 mL) was added to a quartz microwave vessel with a 
stirrer bar, and fitted with a pressure cap. The solution was stirred under 200 W 
microwave irradiation at 100 °C for 30 minutes. The crude mixture was then 
transferred to a separating funnel where it was diluted with H2O, extracted into 
EtOAc (3 × 50 mL) and then washed with saturated aqueous KH2PO4 (1 × 50 mL), 
NaHCO3 (1 × 50 mL) and NaCl (1 × 50 mL). The organic phase was dried over MgSO4, 
filtered and solvent removed under reduced pressure. The crude product was 
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pale yellow amorphous solid (1.13 g, 53%). 1H NMR (270 MHz, CDCl3): δ = 8.81 (1H, 
br s, ArCONH) 8.27 (2H, d, J  = 8.1, ArH),  7.97 (2H, d, J  = 8.1, ArH), 6.99 (1H, br s, 
NHCOO), 5.91 (1H, br s, ArCONH), 4.94 (1H, br s, NHCOO), 3.62 (10H, m, CH2CH2O, 
CH2CH2O), 3.30 (2H, dt, J  = 5.4, 5.4, CH2NHCOO) 1.41 (9H, s, C(CH3)3).127 
 
Tert-butyl (2-(2-(2-(4-aminobenzamido)ethoxy)ethoxy)ethyl)carbamate 4-4 
A solution of 4-11 (497 mg, 1.25 
mmol) and palladium on activated carbon (52 mg, 10% w/w) in EtOAc (40 mL) was 
stirred at room temperature under a hydrogen atmosphere for 21 hours. The 
palladium was then removed by vacuum filtration through a celite plug to yield a 
light yellow amorphous solid (459 mg, 99%). 1H NMR (270 MHz, CDCl3): δ = 7.62 
(2H, app. d,  J  = 8.1, ArH), 6.65 (2H, dt, J  = 8.64, 2.70, ArH),  6.53 (1H, br s, ArCONH), 
5.02 (1H, br s, NHCOO), 3.96 (2H, br s, NH2), 3.58 (10H, m, CH2CH2O, CH2CH2O), 
3.30 (2H, dt, J  = 5.1, 5.1, CH2NHCOO), 1.43 (9H, s, C(CH3)3).127 
 
4-nitro-N-(2-(2-(2-(2,2,2-trifluoroacetamido)ethoxy)ethoxy)ethyl)benzamide 4-15 
Boc-protected amine 4-11 (200 
mg, 0.503 mmol) was dissolved in a solution of 20% TFA/DCM (2.2 mL) and left 
stirring at room temperature. Reaction progress was monitored by TLC and after 
completion (1.5 hours) the solvent was evaporated and the crude material 
redissolved in CHCl3 and solvent removed (repeated 3 times) to ensure complete 
removal of TFA. The resulting salt was then dissolved in dry CHCl3 (3.00 mL), to 
which NEt3 (0.726 mL, 0.717 mmol) was added slowly and stirred 5 minutes. The 
reaction was then cooled to 0 °C on ice before TFA-A (1.51 mL, 0.791 mmol) was 
added slowly and then left stirring at room temperature for 30 minutes under a 
nitrogen atmosphere. After the reaction was complete, the reaction mixture was 
diluted with CHCl3 (15 mL) and transferred to a separation funnel and washed with 
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The organic phase was dried over MgSO4, filtered and solvent removed under 
reduced pressure. The crude product was purified by column chromatography (1:4 
EtOAc:PET spirits), followed by further purification via column chromatography 
(EtOAc) to afford a pale yellow amorphous solid (132 mg, 67%). 1H NMR (270 MHz, 
CDCl3): δ = 8.29 (2H, dt, J = 8.9, 2.7 Hz, ArH), 7.96 (2H, dt, J = 8.9, 2.7 Hz, ArH), 6.91 
(1H, br s, NHCOCF3), 6.74 (1H, br s, NHCOAr), 3.61 (12H, m,CH2CH2O, CH2CH2O). 13C 
NMR (125 MHz, CDCl3): δ = 165.7, 157.5 (q, J = 36.75 Hz), 149.8, 140.1, 128.3, 124.0, 
116.0 (q, J = 276.12 Hz), 70.4, 70.4, 69.8, 68.8, 40.1, 39.8. 19F NMR (470 MHz, 
CDCl3): δ = -76.81; ν(max) cm -1: 3295, 3087, 2874, 1714, 1652, 1600, 1527, 1485, 
1348, 1299, 1209, 1183, 1152, 1105. HRMS (ESI, m/z) calculated for [C15H18F3N3O6 
+ Na]+ 416.1040 found: m/z 416.1025. 
 
Tert-butyl (2-(2-(2-(4-aminobenzamido)ethoxy)ethoxy)ethyl)carbamate 4-18
A solution of 4-15 (125 mg, 0.318 
mmol) and palladium on activated carbon (14 mg, 10% w/w) in EtOAc (40 mL) was 
stirred at room temperature under a hydrogen atmosphere for 24 hours. The 
palladium was then removed by vacuum filtration through a celite plug to yield a 
light yellow amorphous solid (115 mg, 99%). 1H NMR (270 MHz, CDCl3): δ = 7.60 
(2H, dt, J = 8.37, 1.62 Hz, ArH), 7.19 (1H, br s, NHCOCF3), 6.65 (2H, dt, J = 8.37, 1.62 
Hz, ArH), 6.42 (1H, br s, NH), 3.98 (2H, br s, NH2), 3.58 (12H, m, CH2CH2O, CH2CH2O). 
13C NMR (125 MHz, CDCl3): δ = 167.5, 157.5 (q, J = 36.87 Hz), 149.7, 128.8, 124.1, 
116.0 (q, J = 285.75 Hz), 114.3, 70.5, 70.2, 70.2, 68.9, 39.8, 39.6, 29.8. 19F NMR (470 
MHz, CDCl3): δ = -76.78; ν(max) cm -1: 3350, 3238, 3081, 2922, 2875, 1713, 1628, 
1608, 1548, 1506, 1353, 1294, 1185, 1154, 1100. HRMS (ESI, m/z) calculated for 
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3-nitrobenzoic acid 4-9 
To a solution containing 3-nitrobenzaldehyde (1.00 g, 6.62 mmol) in 
DMF (65 mL), was added oxone (2.13 g, 6.92 mmol) and left stirring 47 hours. After 
this time, the salts were dissolved in 1 M HCl (50 mL), transferred to a separation 
funnel and extracted into EtOAc (200 mL). The organics were then washed with 
H2O (100 mL) and then the product extracted into saturated aqueous NaHCO3 (200 
mL). The aqueous was then acidified with 1 M HCl (50 mL) and then product 
extracted into EtOAc (200 mL). Organic containing the product was dried (MgSO4), 
filtered and the solvent removed under reduced pressure to yield a white solid (866 
mg, 78%). 1H NMR (270 MHz, CDCl3): δ = 8.96 (1H, m, ArH), 8.46 (2H, m, ArH), 7.72 
(1H, t, J = 7.83 Hz, ArH).220 
 
Tert-butyl (2-(2-(2-(3-nitrobenzamido)ethoxy)ethoxy)ethyl)carbamate 4-12 
A solution of 3-nitrobenzoic acid (150 
mg, 0.897 mmol), 3-2 (502 mg, 2.02 mmol), 1-ethyl -3-(3-
dimethylaminopropyl)carbodiimide (262 mg, 1.37 mmol), hydroxybenzotriazole 
(38.8 mg, 0.287 mmol) and DMF (4 mL) was added to a quartz microwave vessel 
with a stirrer bar, and fitted with a pressure cap. The solution was stirred under 
200 W microwave irradiation at 100 °C for 30 minutes. The crude mixture was then 
transferred to a separating funnel where it was diluted with H2O, extracted into 
ethyl acetate (3 × 50 mL) and then washed with saturated aqueous KH2PO4 (1 × 50 
mL), NaHCO3 (1 × 50 mL) and NaCl (1 × 50 mL). The organic phase was dried over 
MgSO4, filtered and solvent removed under reduced pressure. The crude product 
was purified by column chromatography (4:1 EtOAc:PET spirits, Rf  = 0.26), followed 
by a silica plug (CHCl3 MeOH) to afford a pale yellow amorphous solid (300 mg, 
84%). 1H NMR (270 MHz, CDCl3): δ = 8.66 (1H, m, ArH), 8.27 (2H, m, ArH),  7.64 (1H, 
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3.63 (10H, m, CH2CH2O, CH2CH2O), 3.30 (2H, m, CH2NHCOO), 1.41 (9H, s, C(CH3)3). 
13C NMR (125 MHz, CDCl3): δ = 165.3, 156.2, 148.3, 136.4, 133.5, 129.9, 126.1, 
122.2, 79.6, 70.4, 69.8, 41.8, 40.4, 28.5. ν(max) cm -1: 3331, 3082, 2975, 2930, 2872, 
1697, 1654, 1529, 1391, 1352, 1300, 1277, 1250, 1103, 1046, 1001. HRMS (ESI, 
m/z) calculated for [C18H27N3O7 + Na]+ 420.1741 found: m/z 420.1758. 
 
Tert-butyl (2-(2-(2-(3-aminobenzamido)ethoxy)ethoxy)ethyl)carbamate 4-5 
A solution of 4-12 (534 mg, 1.34 
mmol) and palladium on activated carbon (53 mg, 10% w/w) in EtOAc (25 mL) was 
stirred at room temperature under a hydrogen atmosphere for 26 hours. The 
palladium was then removed by vacuum filtration through a celite plug to yield a 
light yellow amorphous solid (449 mg, 91%). 1H NMR (270 MHz, CDCl3): δ = 7.15 
(3H, m, ArH), 6.79 (1H, m, ArH), 6.65 (1H, br s, NHCOAr), 5.03 (1H, br s, NHCOO), 
3.64 (8H, m, CH2CH2O), 3.55 (2H, t, J  = 5.4, 4.9, CONHCH2CH2O), 3.30 (2H, dt, J  = 
5.4, 4.6, CH2NHCOO), 1.43 (9H, s, C(CH3)3). NH2 not observed. 13C NMR (67.5 MHz, 
CDCl3): 167.9, 156.2, 146.9, 135.9, 129.6, 118.0, 116.7, 113.9, 79.6, 70.4, 70.4, 70.3, 
70.0, 40.5, 39.8, 28.5. ν(max) cm -1: 3349, 3058, 2974, 2928, 2872, 1696, 1640, 1587, 
1532, 1455, 1391, 1363, 1276, 1253, 1169, 1102, 1038. HRMS (ESI, m/z) calculated 
for [C18H29N3O5 + Na]+ 390.1999found: m/z 390.1974. 
 
3-nitro-N-(2-(2-(2-(2,2,2-trifluoroacetamido)ethoxy)ethoxy)ethyl)benzamide 4-16 
Boc-protected amine 4-12 (346 mg, 
0.619 mmol) was dissolved in a solution of 20% TFA/DCM (3 mL) and left stirring at 
room temperature. Reaction progress was monitored by TLC and after completion 
(1.5 hours) the solvent was evaporated and the crude material redissolved in CHCl3 
and solvent removed (repeated 3 times) to ensure complete removal of TFA. The 
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0.805 mmol) was added slowly and stirred 5 minutes. The reaction was then cooled 
to 0 °C on ice before TFA-A (1.511 mL, 0.990 mmol) was added slowly and then left 
stirring at room temperature for 30 minutes under a nitrogen atmosphere. After 
the reaction was complete, the reaction mixture was diluted with CHCl3 (15 mL) 
and transferred to a separation funnel and washed with saturated aqueous KH2PO4 
(1 × 15 mL), NaHCO3 (1 × 15 mL) and NaCl (1 × 15 mL). The organic phase was dried 
over MgSO4, filtered and solvent removed under reduced pressure. The crude 
product was purified by column chromatography (2% MeOH/DCM) to afford a pale 
yellow amorphous solid (175 mg, 72%). 1H NMR (270 MHz, CDCl3): 8.62 (1H, t, J = 
1.89 Hz, ArH), 8.37 (1H, m, ArH), 8.19 (1H, m, ArH), 7.66 (1H, t, J = 8.1 Hz, ArH), 6.92 
(1H, br s, NHCOCF3), 6.81 (1H, br s, NHCOAr), 3.62 (12H, m, CH2CH2O, CH2CH2O). 
13C NMR (125 MHz, CDCl3): δ = 165.3, 157.5 (q, J = 36.25 Hz), 148.3, 136.2, 133.5, 
130.0, 126.3, 122.0, 116.0 (q, J = 285 Hz), 70.4, 70.4, 69.8, 68.9, 40.1, 39.8. 19F NMR 
(470 MHz, CDCl3): δ = -76.81; ν(max) cm -1: 3304, 3088, 2953, 2918, 2875, 1716, 1652, 
1531, 1465, 1352, 1309, 1184, 1156, 1101.  HRMS (ESI, m/z) calculated for 




A solution of 4-16 (130 mg, 0.330 mmol) 
and palladium on activated carbon (23 mg, 20% w/w) in EtOAc (5 mL) was stirred 
at room temperature under a hydrogen atmosphere for 18.5 hours. The palladium 
was then removed by vacuum filtration through a celite plug to yield a light yellow 
amorphous solid (120 mg, 99%). 1H NMR (270 MHz, CDCl3): δ = 7.13 (3H, m, ArH), 
6.79 (1H, m, ArH), 6. 54 (1H, br s, NHCOO), 3.82 (2H, br s, NH2), 3.62 (10H, m, 
CH2CH2O, CH2CH2O), 3.51 (2H, dt, J  = 5.4, 5.13, CH2NHCOCF3). 13C NMR (125 MHz, 
CDCl3): 168.0, 157.5 (q, J = 37.5 Hz), 146.9, 135.8, 130.0, 118.1, 116.5, 116.0 (q, J = 
285 Hz), 113.9, 70.5, 70.3, 70.0, 68.9, 39.8, 39.7. 19F NMR (470 MHz, CDCl3): δ = -
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1315, 1187, 1153, 1101. HRMS (ESI, m/z) calculated for [C15H20F3N3O4 + H]+ 
364.1479 found: m/z 364.1457. 
 
11.4 Chapter 5 Experimental 
 
11.4.1 Microwave carbon fibre microwave functionalisation 
(treatment 1) 
 
Ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethylsulphonyl)imide) (4 
mL) and fluorinated aniline 2-18 (94 mg, 0.231 mmol) were added to a 10 mL 
microwave vial and stirred 5 minutes under nitrogen. After mixing, tert-butyl nitrite 
(0.07 mL, 0.577 mmol)) was also added and left stirring again 5 minutes. A sample 
of oxidised carbon fibre was then added (21 mg) and the reaction vial flushed with 
nitrogen before fitting with a snap cap. The reaction was heated by microwave 
irradiation to 50 °C, 10 Watts power for 30 minutes. Upon reaction completion, the 
solution was decanted followed by resuspension and manual agitation in 
chloroform (repeated until solution is clear). The fibres were then transferred to a 
Bucher funnel and rinsed with equal portions of dichloromethane, ethanol and 
acetone (200 mL) under vacuum filtration; followed by drying under reduced 
pressure to yield the functionalised product. This functionalisation was proceeded 
by Boc deprotection (treatment 2) according to the procedure outlined in section 
11.2.3. 
 
11.4.2 PFG-NMR Diffusion 
 
1H and 19F pulsed field gradient diffusion measurements were carried out at 7.05 
T on a Bruker Avance III 300 MHz (1H frequency) wide-bore spectrometer and using 
a Bruker 5mm Diff50 gradient probe. Samples were packed into standard 5 mm 
silica NMR tubes and the measurements were carried out at a stabilised 
temperature of 20 °C. The pulsed field gradient stimulated echo (PFG-STE) pulse 
sequence was used with a 90° pulse length of 5 and 7 μs for 1H and 19F 
respectively. The gradient pulse lengths were set to 5 ms and the diffusion times 
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to 20 ms. Gradient strengths were incremented in 16 steps between 0 and 400 G 
cm−1 depending on the diffusion coefficient of the species studied. A 5 s recycle 
delay was used. The resulting data sets were processed and fitted using the 
Skejskal-Tanner equation using the Bruker Topspin software: 
 
𝐼𝐼 =  𝐼𝐼0 exp �−𝐷𝐷 𝛾𝛾 2𝑔𝑔2𝛿𝛿2 �∆ −  𝛿𝛿3��    Equation 5-3 
 
Where I is the observed signal intensity, I0 is the maximum signal intensity, D is the 
diffusion coefficient, γ is the gyromagnetic ratio of the nucleus observed, δ is the 
gradient pulse length and Δ is the diffusion time. 
 
11.5 Chapter 6 Experimental 
 
11.5.1 General procedure for the synthesis of aryl diazonium salts 
 
A solution of nitrosonium tetrafluoroborate (1.2 mol equiv) was dissolved in 
acetonitrile (3 mL/mmol of nitroxide) and cooled to -41 °C (N2(l)/acetonitrile) under 
a nitrogen atmosphere. A solution of the aniline (1 mol equiv.) in acetonitrile (1 
mL/mmol of aniline) was added dropwise using a syringe to the stirring 
nitrosonium tetrafluoroborate solution. Stirring was continued for 30 minutes, 
after which the cold bath was removed. After stirring for 1 hour, the reaction 
mixture was diluted with 2× volume of diethyl ether and stirred. The resulting 
precipitate was collected by filtration and washed thoroughly with ether.  
 
4-Nitrobenzenediazonium Tetrafluoroborate 2-24 
Off-white powder (84%). 1H NMR (270 MHz, DMSO-d6): δ ppm = 8.93 
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3-Trifluoromethylbenzenediazonium Tetrafluoroborate 6-9 
 White powder (84%). 1H NMR (270 MHz, DMSO-d6): δ ppm = 9.22 (1H 
s, ArH), 8.96 (1H, d, J = 8.1 Hz, ArH), 8.67 (1H, d, J = 8.1 Hz, ArH), 8.23 (1H, t, J = 8.1 
Hz, ArH).221 
 
11.5.2 Reductive electrografting procedure: carbon fibre 
 
The  apparatus  used  for  the  electrochemical  grafting  experiments  
was  a  three-electrode cell,  with  a platinum wire or Ag/AgCl reference  electrode  
and  a  platinum wire counter  electrode.  The working electrode comprised carbon 
fibre that had copper tape on one end to allow for sufficient contact to be made to 
the potentiostat. The carbon fibre electrode was held with an alligator clip on the 
copper tape and the fibres immersed in an acetonitrile (MeCN) solution that 
contained diazo salt 2-24 or 6-9 (at the specified concentration)  and tetra-n-
butylammonium tetrafluoroborate ([Bu4N][BF4], at the specified concentration) or 
tetra-n-butylammonium hexafluorophosphate ([Bu4N][PF6], at the specified 
concentration) as the supporting electrolyte. The fibre was functionalised using 
either cyclic voltammetry (CV) (at the specified scan rate and number of sweeps) 
or chronoamperometry (CA) (for the specified amount of time). Following 
treatment, the fibres were soaked in acetonitrile (10 minutes × 3), then washed 
with more acetonitrile, chloroform and ethanol (1 × 50 mL each), before drying 
under reduced pressure for 24 hours to remove all traces of absorbed material. 
The samples of nitro functionalised 6-12 and trifluoromethyl functionalised 6-13 






6-12 R = 4-NO2
6-13 R = 3-CF3
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11.5.3 Reductive electrografting procedure: woven carbon fibre 
mat 
 
 Samples of woven carbon fibre mat (Ironbark, (3K CF) 2 × 2 twill, 
200 gsm) were cut into small pieces (4 × 3 cm) and the edges overlocked with 
cotton thread to prevent fray. Copper tape was used on one end of the sample for 
electrical connection. The  apparatus  used  for  the  electrochemical  grafting  
experiments  was  a  three-electrode cell,  with  a Ag/AgCl reference  electrode  and  
a  platinum mesh counter  electrode.  The working electrode comprised the woven 
carbon fibre mat that had copper tape on one end. The carbon fibre mat electrode 
was held with an alligator clip on the copper tape and the mat was immersed in an 
acetonitrile (MeCN) solution that contained nitro diazo 2-24 (0.001 M) and tetra-
n-butylammonium hexafluorophosphate ([Bu4N][PF6], 0.1 M). The fibre mat was 
functionalised using cyclic voltammetry (CV), 2 sweeps from +0.4 to -1 V at a scan 
rate of 0.01 V/s. The mat was then flipped over to expose the other side of the mat 
to the counter electrode and the CV scans repeated to ensure homogenous 
coverage. Following treatment, the nitro functionalised mat 6-12 was then washed 
according to the previously described general washing procedure. 
 
11.5.4 Reduction of surface grafted nitro groups to amino groups 
procedure: carbon fibre 
 
 The carbon fibre electrode modified as described above by nitro 
groups 6-12 was transferred to an aqueous solution (EtOH/H2O 10/90 v/v + 0.1 M 
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sweeps from +1 V to -1.5 V at a scan rate of 0.02 V/s, followed by applying a 
potential of -1 V for a period of 5 minutes (chronoamperometry, CA). After 
completion of the reaction, the amine functionalised fibres 2-25 were then washed 
according to the previously described general washing procedure. 
 
11.5.4 Reduction of surface grafted nitro groups to amino groups 
procedure: woven carbon fibre mat 
 
 The woven carbon fibre mat electrode modified as described 
above by nitro groups 6-12 was transferred to an aqueous solution (EtOH/H2O 
10/90 v/v + 0.1 M KCl). The surface nitro groups were reduced using cyclic 
voltammetry (CV), 2 sweeps from +0.4 to -1 V at a scan rate of 0.01 V/s. A potential 
of -1 V was then applied for a period of 5 minutes (chronoamperometry, CA) 
followed by cyclic voltammetry (CV), 2 sweeps from 0.4 to -1 V at a scan rate of 
0.01 V/s. The mat was then flipped over to expose the other side of the mat to the 
counter electrode and the CV/CA scans repeated. After completion of the reaction, 
the amine functionalised mat 2-25 was then washed according to the previously 
described general washing procedure. 
 
11.6 Chapter 7 Experimental 
 
11.6.1 Chemical synthesis 
 
4-((tert-butoxycarbonyl)amino)benzoic acid 7-28 
Into a prepared solution of H2O/dioxane (5 mL/10 mL), 










Chapter 11: Experimental 
333 
 
(319 mg) and di-tert-butyl dicarbonate (3.185 g) were then added and left stirring 
for 10 hours. Solvent was then removed under reduced pressure and the mixture 
then acidified using 2 M HCl. The resulting precipitate was then filtered and washed 
with H2O to yield an off-white solid (1.501 g, 87%). 1H NMR (270 MHz, DMSO-d6): 
δ = 9.74 (1H, s, NHCOO), 7.83 (2H, d, J = 8.7, ArH), 7.55 (2H, d, J = 8.7, ArH), 1.48 
(9H, s, C(CH3)3).222  
 
tert-butyl (4-(allylcarbamoyl)phenyl)carbamate 7-30 
 A solution of 7-28 (303 mg, 1.28 mmol), 1-Ethyl-3-
(3-dimethylaminopropyl)carbodiimide (297 mg, 1.91 mmol), hydroxybenzotriazole 
(33 mg, 0.244 mmol) and DMF (5.5 mL) was added to a quartz microwave vessel 
with a stirrer bar, and fitted with a pressure cap. The solution was left stirring 10 
minutes before allylamine was added. The solution was stirred under 200 W 
microwave irradiation at 50 °C for one hour. The crude mixture was then 
transferred to a separating funnel where it was diluted with EtOAc and then 
washed with H2O (1 × 70 mL), saturated aqueous KH2PO4 (1 × 70 mL), NaHCO3 (1 × 
70 mL) and NaCl (1 × 70 mL). The organic phase was dried over MgSO4, filtered and 
solvent removed under reduced pressure. The crude product was recrystallised 
(EtOAc:PET spirits) to yield 7-30 as an off-white powder (639 mg, 55 %). 1H NMR 
(270 MHz, CDCl3): δ = 7.72 (2H, dt, J = 8.78, 2.70, ArH), 7.43 (2H, dt, J = 8.78, 2.70, 
ArH), 6.68 (1H, br s, NHCOO), 6.14 (1H, t, J = 5.4, NHCOAr), 5.94 (1H, m, CH=CH2), 
5.22 (2H, m, CH=CH2), 4.08 (2H, m, CH2NHCO), 1.52 (9H, s, C(CH3)3); 13C NMR (67.5 
MHz, CDCl3): 166.7, 152.4, 141.5, 134.4, 128.6, 128.1, 117.8, 116.8, 81.2, 42.5, 28.4. 
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tert-butyl (4-((3-(octylthio)propyl)carbamoyl)phenyl)carbamate 7-33 
 In a dry two-necked round 
bottom flask, alkene 7-28 (100 mg, 0.362 mmol) was dissolved in dry THF (1 mL) 
with stirring. To this solution was added octanethiol slowly with stirring. Next, 2,2-
dimethoxy-2-phenylacetophenone (DMPA) was added. The solution was then de-
gassed for 5 minutes before UV exposure (373.75 nm UV torch). The reaction was 
covered in aluminium foil and left stirring under a nitrogen atmosphere for 5 hours. 
After this time, the solvent was removed under reduced pressure before the crude 
product was purified by flash column chromatography (1:3 EtOAc:PET spirits) to 
yield 7-33 as an off-white solid (58%, 0.210 mmol) Rf = 0.22. 1H NMR (270 MHz, 
CDCl3): δ = 7.71 (2H, d, J = 8.1, ArH), 7.42 (2H, d, J = 8.1, ArH), 6.64 (1H, br s, 
NHCOAr), 6.45 (1H, br s, NHCOO), 3.56 (2H, app. q, J = 5.4, NHCH2), 2.58 (4H, app. 
br s, CH2SCH2), 1.92 (2H, quint, J = 5.4, NHCH2CH2CH2S), 1.54 (11H,  m, 
SCH2CH2(CH2)5CH3, C(CH3)3), 1.26 (10H, m, SCH2CH2(CH2)5CH3), 0.98 (3H, t, J = 5.4, 
SCH2CH2(CH2)5CH3); 13C NMR (125 MHz, CDCl3): 167.0, 152.5, 141.5, 128.8, 128.12, 
117.8, 81.2, 39.6, 32.3, 32.0, 30.0, 29.7, 29.3, 29.1, 28.4, 22.8, 14.3. HRMS (ESI, 
m/z) calculated for [C23H38N2O3S + H]+ 423.2676 found: m/z 423.2513. 
 
N-allyl-4-aminobenzamide 7-31 
 Boc-protected aniline 7-30 (300 mg, 1.086 mmol) was 
dissolved in a solution of 20% TFA/DCM (5.4 mL) and left stirring at room 
temperature. Reaction progress was monitored by TLC and after completion (2 
hours) the solvent was evaporated and the crude material redissolved in CHCl3 and 
solvent removed (repeated 3 times) to ensure complete removal of TFA. The 
resulting salt was then diluted with DCM (50 mL), washed with saturated solution 
of NaHCO3 (1 × 50 mL) and extracted into DCM (2 × 50 mL). The organic phase was 
dried (MgSO4), filtered and solvent removed under reduced pressure to yield 7-31 
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dt, J = 8.1, 2.7, ArH), 6.65 (2H, dt, J = 10.8, 2.7, ArH), 6.09 (1H, br s, NHCOAr), 5.92 
(1H, ddt, J = 17.1, 10.3, 5.7, CH=CH2), 5.23 (1H, dq, J = 17.1, 1.6, CH=CH2), 5.15 (1H, 
dq, J = 10.2, 1.4, CH=CH2), 4.05 (2H, tt, J = 5.7, 1.6, CH2NHCO), 3.97 (2H, br s, NH2); 
13C NMR (67.5 MHz, CDCl3): 167.2, 149.7, 134.7, 128.8, 124.1, 116.5, 114.3, 42.4. 
HRMS (ESI, m/z) calculated for [C10H12N2O + H]+ 177.1022 found: m/z 177.0949. 
 
4-(allylcarbamoyl)benzenediazonium tetrafluoroborate 7-23 
 Method as per section 11.5.1. Yellow sticky solid (62%). 
Electrospray mass spectrometry was used to confirm the structure of 7-23. While 
the molecular ion was not observed (as expected with highly reactive species such 
as diazonium ions), spectral peaks could be assigned to fragments from its parent 
structure. The fragment at m/z 160.096 arose from loss of molecular nitrogen to 
give the aryl cation species. 
 
11.6.2 Reductive electrografting procedure 
 
The apparatus used for the electrochemical derivatization 
experiments was a three-electrode cell, with a Ag/AgCl reference electrode and a 
platinum wire counter electrode. The working electrode comprised carbon fibre 
that had copper tape on one end. The electrode was held with an alligator clip on 
the copper tape and the electrode was immersed in an acetonitrile solution that 
contained allyl diazo salt 7-23 (0.005 M) and tetra-n-butylammonium 
hexafluorophosphate ([Bu4N][PF6], 0.1 M). The fibre was functionalised using cyclic 
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bubbled through the solution during the experiments to limit oxygen side reactions 
and stir the solution. Following treatment, the fibres were soaked in acetonitrile 
(10 minutes × 3), then washed with more acetonitrile, chloroform and ethanol (1 × 
50 mL each), before drying under reduced pressure for 24 hours to yield the allyl 
functionalised fibres 7-24.  
 
11.6.3 Surface UV thiol-ene click reaction procedure 
 
Into a dry Schlenk tube, 11-(ferrocenyl)undecanethiol 7-25, 2,2-
dimethoxy-2-phenylacetophenone (DMPA) and dry THF were added. The contents 
were stirred for 5 minutes with a magnetic stirrer bay before adding the carbon 
fibre. The fibres were suspended halfway down the tube to avoid them falling 
down and tangling with the stirrer bar. The solution was de-gassed for 5 minutes 
before UV exposure (373.75 nm UV torch). The reaction was covered in aluminium 
foil and left stirring under a nitrogen atmosphere for 2 hours. After completion of 
the reaction, the reaction solution was decanted followed by re-suspension of the 
fibres and manual agitation in chloroform. The chloroform was then decanted and 
the procedure repeated until the solution was clear. The fibres were then 
transferred to a Buchner funnel and rinsed with equal portions of 
dichloromethane, ethanol and acetone (150 mL total) under vacuum filtration, 
followed by drying under reduced pressure for 24 hours to yield the ferrocene 
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Into a dry Schlenk tube, 11-(ferrocenyl)undecanethiol 7-25, 
2,2-dimethoxy-2-phenylacetophenone (DMPA) and dry THF were added. The 
contents were stirred for 5 minutes with a magnetic stirrer bar before adding the 
allyl functionalised fibres 7-24. The fibres were suspended halfway down the tube 
to avoid them falling down and tangling with the stirrer bar. The solution was de-
gassed for 5 minutes before UV exposure (373.75 nm UV torch). The reaction was 
covered in aluminium foil and left stirring under a nitrogen atmosphere for 2 hours. 
After completion of the reaction, the reaction solution was decanted followed by 
re-suspension of the fibres and manual agitation in chloroform. The chloroform 
was then decanted and the procedure repeated until the solution was clear. The 
fibres were then transferred to a Buchner funnel and rinsed with equal portions of 
dichloromethane, ethanol and acetone (150 mL total) under vacuum filtration, 
followed by drying under reduced pressure for 24 hours to yield the ferrocene 
“click” product 7-34. 
 
11.6.4 Electrochemical characterisation of functionalised fibres 
 
Small probes were prepared from each sample for electrochemical analysis. The 
apparatus used for the electrochemical analysis experiments was a three-electrode 
cell, with a Ag/AgCl reference electrode and a platinum wire counter electrode. 
The working electrode comprised carbon fibre that had copper tape on one end. 
The electrode was held with an alligator clip on the copper tape and the electrode 
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hexafluorophosphate ([Bu4N][PF6], 0.1 M). The samples were scanned at a slow 
scan rate (0.01 V/s, 0 to 1 V) to reveal any ferrocene redox present. 
 
11.7 Chapter 8 Experimental 
 
11.7.1 Chemical synthesis 
 
4-(nitro-15N)benzenediazonium-15N tetrafluoroborate 8-4 
 Method as per section 11.5.1. Pale-yellow solid (68%). 1H NMR (500 
MHz, DMSO-d6): δ ppm = 8.92 (2H, dd, J = 9.3, 2.7, ArH), 8.72 (2H, dd, J = 9.1,1.8, 
ArH); 13C NMR (125 MHz, DMSO-d6): δ = 153.1, 134.5, 126.1, 121.9; 19F NMR (470 
MHz, DMSO-d6): δ ppm = 149.15, 149.20; 15N NMR (50.7 MHz, DMSO-d6): δ = 
364.36, 230.27. 
 
11.7.2 19F solid-state NMR 
 
19F solid-state NMR spectrum was obtained from the CF3 functionalised carbon 
fibres 6-13 at 11.7 T (19F Lamour frequency = 470.6 MHz) using a Bruker Avance III 
NMR spectrometer and a 4 mm MAS HFX probe. The carbon fibre sample was 
diluted with SiO2, ground and packed into a standard 4 mm OD zirconia rotor. A 
magic-angle-spinning (MAS) frequency of 12 kHz was used. The spectrum was 
acquired using a solid-echo pulse sequence, sampling 13124 transients totalling an 
experiment time of 3.5 hours. The 19F shift is given relative to CFCl3 (using solid NaF 
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11.8 Chapter 9 Experimental 
 
11.8.1 General oxidative electrografting procedure 
 
The carboxylic acid (phenylacetic acid 9-1 or 
4-fluorophenylacetic acid 9-6, 0.005 M) was converted to the corresponding 
carboxylate in the electrochemical cell by dissolving in acetonitrile (MeCN) and 
adding an equimolar amount of tetrabutylammonium hydroxide 30-hydrate 
([Bu4N][OH]•30H2O, 0.005 M). The electrolyte was tetra-n-butylammonium 
hexafluorophosphate ([Bu4N][PF6], 0.1 M), in a three-electrode cell,  with  a 
Ag/AgCl reference  electrode  and  a  platinum wire counter  electrode.  The 
working electrode comprised carbon fibres that had copper tape on one end or a 
glassy carbon electrode. The electrode was held with an alligator clip and was 
immersed in the acetonitrile solution. The electrode was functionalised using 
either cyclic voltammetry (CV), 2 sweeps from 0 to 1.5 V at a scan rate of 0.05 V/s 
or chronoamperometry (CA), at 1.5 V for a period of 30 minutes. Nitrogen was 
bubbled through the solution during the experiments to limit oxygen side reactions 
and stir the solution. Following treatment, the 4-fluorophenyl fibres 9-9 were 
subjected to the general washing procedure outlined earlier in section 11.6.2, 
while the phenyl functionalised glassy carbon electrode 9-4 was rinsed with 
ethanol. 
 
11.8.2 Electrochemical characterisation of functionalised glassy 
carbon electrode 
 
The apparatus used for the electrochemical analysis experiments was a three-
electrode cell, with a Ag/AgCl reference electrode and a platinum wire counter 
electrode. The working electrode comprised the rinsed phenyl functionalised 
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copper tape and the electrode was immersed in an acetonitrile solution that 
contained tetra-n-butylammonium hexafluorophosphate ([Bu4N][PF6], 0.1 M) and 
ferrocene 9-5 (0.001 M). The sample was scanned at 0.1 V/s, 0 to 1 V to reveal any 
ferrocene redox present. The ferrocene redox plots were processed using 
OriginLab (Northampton, Ma, USA), using a manual baseline subtraction for both 
oxidation and reduction curves. The area under each CV was integrated to give area 
in coulombs s-1.






Chapter 12 details all appendices cited in the body of the text and these are 
organised according to chapter. 
 
12.1 Chapter 3 Appendix 
 
12.1.1 Sample summary 
 
Table 12-1 Summary of sample preparation for chemical analysis 
 
 Control 







Reagents None aniline (2-18), tBuONO HCl 
Solvent None acetonitrile, DCB 1,4-dioxane 
Conditions None 50 °C, 24 hrs 25 °C, 24 hrs 
Cleaning None 
Chloroform, DCM, EtOH, 
Acetone 
Milli-Q water, NaOH 
 








25% 13.6 5.56 
50% 27.3 11.11 
75% 40.9 16.67 
100% 54.5 22.22 
200% 109.1 44.44 
 
 




12.1.2 Weibull analysis 
 
Weibull distributions of control fibres, 50%, 75%, 100% and 200% functionalised 
fibres are shown below. The results highlight that each data set fits a Weibull 
distribution and as such, it can be assumed that Weibull analysis is appropriate for 
































































































































































































































































































































































































































































































































































































































12.1.4 Optical microscope images 
 









Optical microscope images – 25% treated fibres (a) 2.5x magnification, (b) 5x 












Optical microscope images – 50% treated fibres (a) 2.5x magnification, (b) 5x 







Optical microscope images – 75% treated fibres (a) 2.5x magnification, (b) 5x 
magnification (c) 10x 
400 µm  
200 µm  
100 µm  




Optical microscope images – 100% treated fibres (a) 2.5x magnification, (b) 5x 
magnification (c) 10x 
400 µm
 
100 µm  
100 µm
 
Optical microscope images – 200% treated fibres (a) 2.5x magnification, (b) 5x 





100 µm  




12.2 Chapter 4 Appendix 
 




Figure 12-1 C 1s high resolution spectra 
 





























































































12.3 Chapter 5 Appendix 
 
12.3.1 IR spectroscopy of control and functionalised fibres 
 
Infrared spectra were obtained on a Bruker Lumos, using ATR mode with a 
germanium crystal.  For each sample 64 scans at 4 cm-1 resolution were acquired 















































































Wavenumber (cm-1)  
 
12.3.2 Raman spectroscopy of control and functionalised fibres  
 
Raman spectra were recorded on a Renishaw InVia, using 514 nm excitation, 50% 























































Raman Shift (cm-1)  
 








Weibull analysis was conducted, and the data plotted to determine Weibull 
modulus (shape parameter) and specific strength. Obvious outliers were removed, 
and the resulting data sets are presented above. 
 
  
y = 9.3345x - 12.614
R² = 0.9702
y = 11.023x - 14.211























































Weibull distributions of control fibres, 1,2-DCB and IL treated fibres. The results 
highlight that each data set fits a Weibull distribution and as such, it can be 





























































12.4 Chapter 6 Appendix 
 




Figure 12-2 C 1s high resolution spectra 
 
12.5 Chapter 9 Appendix 
 
12.5.1 Area under ferrocene redox curves 
 
CV data collected before and after the CA experiment was plotted in Originlab 
(second scan only). Oxidation and reduction peaks were plotted separately before 
manual baseline fitting (shown in red lines) was applied to each of the reduction 
and oxidation plots (Figure 12-3). The corrected curves were then plotted (Figure 
12-4), and integrated. 















Figure 12-3 Cyclic voltammogram of the glassy carbon in a solution of 0.001 M 
ferrocene 9-5 in tetra-n-butylammonium hexafluorophosphate-acetonitrile 
([Bu4N][PF6]-MeCN, 0.1 M). The CV scan oxidation and reduction peaks are shown 
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